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ABSTRACT
Haji-Soltani, Alireza. Ph.D. The University of Memphis. May, 2017.
A Comprehensive Site-Specific Probabilistic Seismic Hazard Analysis for a Liquid
Natural Gas Tank Located in the Gulf Coast Region. Major Professor: Dr. Shahram
Pezeshk.
This dissertation includes three major components. First, ratios between median
values and the associated standard deviations for different definitions of the horizontal
component of ground motions in Central and Eastern North America are developed using
a subset of the NGA-East database. While the most recent studies produced similar
results using different subsets of the NGA-West2 database, it is possible that such
directionality results may differ for other earthquake datasets and be region specific. The
computed median ratios are similar to the ratios provided in recent studies for other
regions with a shift in some period ranges with noticeable differences between the
standard deviations. Second, a comparison of a hybrid approach and a fully probabilistic
approach for incorporating site effects into a probabilistic seismic hazard analysis
(PSHA) is presented. In the employed hybrid approach the amplification factors are
computed by performing equivalent linear site response analysis. The considered fully
probabilistic approach is characterized by higher levels of sophistication in which the
rock hazard is convolved with the probability density function of the amplification
functions to calculate the surface ground motions. The uncertainties associated with the
site characterization is addressed via Monte Carlo randomizations. To fulfill the scope of
this study, the employed approaches is highlighted focusing on performing a site-specific
PSHA for a Liquid Natural Gas tank located in the Gulf Coast region. Finally, a new
ground motion prediction model is developed for the response spectral ratio of verticalto-horizontal (V/H) components of earthquakes for the Gulf Coast region. The proposed
vi

V/H ratio model has the advantage of considering the magnitude, source to site distance,
and the shear-wave velocity of soil deposits in the upper 30 m of the site (Vs30) for the
peak ground acceleration (PGA), and a wide range of spectral periods. The model is
based on a comprehensive set of regression analyses of the newly compiled NGA-East
database of available recordings with the moment magnitudes M ≥ 3.4 and the rupture
distances RRup < 1000 km. The derived V/H ratios can be used to develop the vertical
response spectra for the sites located within the Gulf Coast region.
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1. INTRODUCTION
This study encompasses a comprehensive site-specific probabilistic seismic
hazard analysis (PSHA) which is of paramount importance in the field of engineering
seismology and earthquake engineering. In this research, three main topics have been
researched (1) relationships among various definitions of horizontal spectral accelerations
in Central and eastern North America, (2) a comparison of different approaches to
incorporate site effects and associated uncertainties into probabilistic seismic hazard
analysis: A case study for a Liquid Natural Gas tank, and (3) a study of vertical to
horizontal ratio of earthquake components in the Gulf Coast Region.
A single ground motion intensity measure, typically spectral acceleration (Sa) is
required as the main input in deriving empirical Ground Motion Prediction Equations
(GMPEs). Traditionally, a single horizontal orientation has been used in calculating Sa
for all periods. The spectrum changes with orientation, and using a single orientation to
represent two dimensional ground motions leads to loss of useful information regarding
the variation of Sa with orientation. Different techniques have been proposed in the
literature to combine the two horizontal components of ground motions into a scalar
horizontal definition.
While the most recent studies produced similar results using different subsets of
the NGA-West2 database, it is possible that such directionality results may differ for
other earthquake datasets and is region specific. In the first phase of this study, the ratios
between median values and the associated standard deviations for different definitions of
the horizontal component of ground motions in Central and Eastern North America is
derived using a subset of the NGA-East database. The computed median ratios are similar
1

to the ratios provided in recent studies for other regions with a shift in some period ranges
with noticeable differences between the standard deviations.
The ratios between different definitions of horizontal component of ground
motions in CENA have been studied because of the urgent need of using multiple
GMPEs combined in a logic-tree framework in the preliminary stages of performing
PSHA, or at further stages where the uniform hazard response spectrum is required to be
converted to another spectrum for a different horizontal definition in the second phase of
this study. The results fulfill the engineering requirements of considering the maximum
direction elastic response spectrum for design of structures.
In the second phase of the study, a comparison of a hybrid approach and a fully
probabilistic approach for incorporating site effects into PSHA is presented. To fulfill the
scope of this study, the employed approaches are compared focusing on performing a
site-specific PSHA for a Liquid Natural Gas (LNG) tank located in the Gulf Coast region.
In the employed hybrid approach the amplification factors are computed by
performing equivalent linear site response analysis for two separate earthquake scenarios
controlling the low- and the high-frequency portion of the rock ground motion. The
obtained rock hazard is then multiplied by the computed amplification factors to define
the surface ground motions.
The considered fully probabilistic approach is characterized by higher levels of
sophistication in which the rock hazard is convolved with the probability density function
of the amplification functions. For both approaches, the uncertainties associated with the
site characterization are addressed via Monte Carlo randomizations.
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The seismic analysis of a LNG tank is a challenging and complicated task because
a wide range of frequencies should be considered covering both the fundamental
frequency of the structure (typically 2 to 10 Hz) and a sloshing frequency of around 0.1
Hz. Furthermore, the considered site is located in the Gulf Coast region where the thick
sediments exhibit significantly different ground-motion attenuation in the region. A
pressing concern in the evaluation of seismic hazard in this region is using the
appropriate attenuation relationships which are not only tuned to the unique site condition
of the region, but are also valid for longer periods required in LNG tank station seismic
design.
The employed approaches resulted in a very similar soil hazard, which reveals
that increasing the level of sophistication in the numerical ground response analyses
might not be always required. Finally, the obtained results are used to develop the design
spectrum for the Operating Basis Earthquake and Safe Shutdown Earthquake levels in
accordance to the NFPA 59A-2001 requirements.
In the last phase of this study, a new model is developed for the response spectral
ratio of vertical-to-horizontal (V/H) components of earthquakes for the Gulf Coast
region. The proposed V/H response spectral ratio model has the advantage of considering
the earthquake magnitude, source to site distance, and the shear-wave velocity of soil
deposits in the upper 30 m of the site (VS30) for the Peak Ground Acceleration (PGA), and
a wide range of spectral periods (0.01 to 10.0 s).
The model evaluation is based on a comprehensive set of regression analyses of
the newly compiled Next Generation Attenuation (NGA-East) database of available
Central and Eastern North America (CENA) recordings with the moment magnitudes M

3

greater or equal to 3.4 and the rupture distances Rrup up to 1000 km. The 50th percentile
(or median) pseudo-spectral acceleration (PSA) values computed from the orthogonal
horizontal components of ground motions rotated through all possible non-redundant
rotation angles, known as the RotD50 (Boore, 2010), is used along with the vertical
component to perform regression using a nonlinear mixed-effects regression algorithm.
The predicted V/H ratios from the proposed model are compared with the recently
published V/H spectral ratio models for different regions. The derived V/H ratios can be
used to develop the vertical response spectra for the sites located within the Gulf Coast
region, which include the Mississippi embayment.
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2. RELATIONSHIPS AMONG VARIOUS DEFINITIONS OF
HORIZONTAL SPECTRAL ACCELERATIONS IN CENTRAL
AND EASTERN NORTH AMERICA
2.1 Introduction
Ground motions are generally recorded in three pairwise perpendicular directions:
one vertical and two horizontal. A single ground motion intensity measure, typically
spectral acceleration (Sa), is required as the main input in deriving empirical Ground
Motion Prediction Equations (GMPEs). A variety of GMPEs have been developed based
on a single horizontal orientation of ground motion; i.e., the horizontal orientation which
has the larger Peak Ground Acceleration (PGA) or the horizontal component randomly
chosen (Douglas, 2003). Apparently, the spectrum changes with orientation, and using a
single orientation to represent two–dimensional ground motions leads to loss of
information regarding the variation of spectrum with orientation. Alternatively, different
techniques have been proposed in the literature to combine the two horizontal
components of ground motions into a scalar definition. For example, the geometric mean
of the acceleration response spectra for each “as-recorded” horizontal component of the
ground motion (SaGMxy, where the subscript GM stands for the geometric mean, and
subscripts x and y stand for the two orthogonal orientations) has been traditionally
preferred in deriving GMPEs (Douglas, 2003, and Abrahamson et al., 2008). Most of the
GMPEs used by the United States Geological Survey (USGS) in deriving the National
Seismic Hazard Maps were developed based on SaGMxy (Petersen et al., 2008; 2014). The
advantage of SaGMxy is that the data dispersion will be reduced slightly during the
averaging procedure (Stewart et al., 2011). However, SaGMxy is variant to the orientation
of the instruments. This means that if one of the sensors’ orientations is aligned with the
5

polarization direction, the response spectrum on the other sensor would be zero which
would result in a zero value for SaGMxy (Boore et al., 2006). The sensor orientation
dependency of SaGMxy is prominent in highly correlated ground motions, which regularly
occurs at oscillator frequencies of 1.0 Hz and lower (Campbell and Bozorgnia, 2007). To
compensate for this drawback, Boore et al. (2006) proposed an orientation-independent
technique for calculating the geometric mean of the acceleration response spectra
calculated from the rotation of the two orthogonal horizontal components of the ground
motions (SaGMRotDpp and SaGMRotIpp, where the subscript GM stands for the geometric
mean, the subscript Rot stands for the rotation, the subscript D signifies the perioddependent rotations, the subscript I signifies the period-independent rotations, and the
subscript pp indicates the percentile. For example, SaGMRotI50 would be the 50th percentile
(or median) spectral acceleration which has been used in updating the NGA-West2
GMPEs of Abrahamson and Silva (1997), Boore et al. (1997), Campbell and Bozorgnia
(2003a, b, c, and 2004), and Sadigh et al. (1997) published in the Paciﬁc Earthquake
Engineering Research Center (PEER) Next Generation Attenuation (NGA) Project
(Abrahamson et al., 2008). Later on, Boore (2010) introduced two more orientationindependent definitions of horizontal ground motion without calculating geometric
means, known as SaRotDpp, and SaRotIpp. The NGA-West2 GMPEs (Bozorgnia et al.,
2012) and the NGA-East GMPEs of Darragh et al. (2015), Frankel (2015), Graizer
(2015), Hassani et al. (2015), Pezeshk et al. (2015), Shahjouei and Pezeshk (2015), and
Yenier and Atkinson (2015) in PEER 2015/4 are developed based on SaRotD50.
Engineers are required to design structures considering the maximum direction
elastic response spectrum. Typically, the elastic response spectrum is obtained using
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GMPEs that have been developed or calibrated using different definitions of the
horizontal components of recorded ground motions. To determine the response spectrum
at the maximum direction, either one has to develop GMPEs based on Sa in the
maximum direction or since most GMPEs have been developed based on different
horizontal definitions, one needs to use a set of adjustment factors to convert the obtained
spectrum into maximum direction response spectrum. The reason for using the
maximum direction response spectrum is to design structures that can resist possible
collapse in any horizontal direction regardless of orientation. If only one component is
chosen randomly, then it may underestimate forces imparted to the structure. Similarly,
geometric mean cannot provide the necessary level of forces to design structures.
Regardless of which directionality deﬁnition would be the most appropriate choice, the
main concern will be the consistency throughout the entire process of the seismic hazard
analysis, site-response analysis, and ultimately developing a design response spectrum.
This would clearly ensure that the relationship between the two horizontal components of
the ground motions are properly well-kept during the acceleration time histories selection
and the spectrum matching procedure in the dynamic design of structures (Baker and
Cornell, 2006; and Beyer and Bommer, 2006). The engineering community’s preference
is to use the maximum direction for structural design (NEHRP, 2009). Therefore, it is
valuable to investigate the median ratios between different definitions of the horizontal
ground-motion components and their aleatory variabilities to define appropriate
conversion factors.
Several researchers have studied the ratios between different definitions of the
horizontal component of ground motions. Beyer and Bommer (2006) provided
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relationships between the median values and the standard deviation for a variety of
existing horizontal component deﬁnitions. They computed the median ratio of each
definition of horizontal component with respect to the geometric mean of the two
horizontal components of the ground motion. They used a subset of the NGA-West2
database (PEER, 2005) including 949 far-field and near-fault records from 103 shallow
crustal earthquakes. They assumed that the ratios are only a function of response period
and did not explore any dependencies of the ratios on the earthquake magnitude, the
source-to-site distance, or other seismological parameters. They also declared that the
ratios are not tested for stable continental regions, such as Central and Eastern North
America (CENA).
Boore (2006) used 3,500 records from the NGA-West dataset to calculate the
mean of ln(SaGMRotD50/SaGMRotI50) and ln(SaGMRotI50/SaGMxy). He showed that the median
ratio of SaGMRotD50/SaGMRotI50 is roughly 1.0 while the median ratio of SaGMRotI50/SaGMxy is
slightly higher than 1.0 over a period range of 0.01 s to 3.0 s.
Campbell and Bozorgnia (2007; 2008) provided the ratios between SaGMxy and
SaGMRotI50. They showed that the median ratios are very close to unity and are constant for
all periods, while the standard deviation increases from approximately 0.07 to 0.11 in
natural log units. They also provided the ratios of some other horizontal definitions such
as the arbitrary horizontal component, maximum horizontal component (largest peak
amplitude), maximum rotated horizontal component (SaRotD100), strike-normal and strikeparallel horizontal components (“the peak amplitudes of the two orthogonal horizontal
components after rotating them to azimuth that are normal to and parallel to the strike of
the rupture plane”) with respect to SaGMxy.
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Watson-Lamprey and Boore (2007) provided the conversion factors from
SaGMRotI50 to SaRotD100 and to the spectral acceleration of a randomly chosen horizontal
component of ground motion (SaArb, where the subscript Arb stands for “Arbitrary”). They
used a subset of the NGA-West2 database, which included 7,080 individual horizontalcomponent acceleration time histories recorded from 175 earthquakes. They investigated
if the median ratios are highly dependent on earthquake magnitude, source-to-site
distance, and a simplified radiation pattern. Their results showed that the median ratios
are not significantly sensitive to the magnitude, the distance, and the radiation pattern.
Also, they did not find any dependency on the most common directivity factors for the
ratio of SaRotD100/SaGMRotI50.
Huang et al. (2008) investigated the relationships between strike-parallel, strikenormal, geometric mean, and maximum spectral demands using a subset of the NGAWest2 database, including 147 records from near-field earthquakes with moment
magnitude M of 6.5 and greater, and rupture distances of 15 km and less. They developed
scaling factors to transform SaGMRotI50 to SaRotD100, which ranged from 1.2 at PGA to 1.3
at period of 4.0 s, similar to the Beyer and Bommer (2006) results. They also studied the
rupture directivity effects using the Somerville et al. (1997) rupture directivity model and
showed that smaller strike-parallel demands compared to the strike normal demands only
hold at close distances (0 to 5 km) to the causative fault. For greater distances, there is
approximately a 40 to 50 percent probability that the strike-normal demands equal or fall
below the strike-parallel demands. Huang et al. (2010) expanded the Huang et al. (2008)
results by adding 165 pairs of Western United States far-field ground motions with the
moment magnitudes M 6.5 and greater, and the closest site-to-source distances between
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30 km and 50 km. They also added 63 pairs of ground motion records from 19
earthquakes that occurred generally in CENA, and provided the median ratio of
SaRotD100/SaGMRotI50 for each dataset separately.
Boore (2010) used 3,225 two-component time series from the NGA-West2
database to assess the ratios of SaRotD50/SaGMRotI50 and SaRotI50/SaGMRotI50. He showed that
the median ratios are mostly larger than 1.0 and increase with period. He also found that
the ratio of SaRotD100/SaRotD50 is between unity and

2

for all periods for the unpolarized

and polarized ground motions, respectively. The response spectrum of an unpolarized
ground motion in all orientations is approximately identical, while the polarized ground
motions have different numerical Sa values in each orientation.
Shahi and Baker (2014) developed empirical models to compute the median ratio
of SaRotD100/SaRotD50. They used more than 3,000 time series from the expanded NGAWest2 database to build a multiplicative factor, which can be used to convert the SaRotD50
to SaRotD100 at a desired site. They compared their results with older models and showed
that the current National Earthquake Hazard Reduction Program (NEHRP) ratio of 1.1 at
high frequencies is not appropriate and should be nearly 1.2 (BSSC, 2009).
Bradley and Baker (2014) studied the ground motion directionality from the
2010–2011 Canterbury earthquake sequence recorded at 20 strong motion stations. They
examined the ratios between SaRotD100, SaRotD50, SaLarger (larger value of the two asrecorded components at each period), and SaGMxy. Their directionality ratio between
SaRotD100 and SaRotD50 was similar to Shahi and Baker (2014). They found strong polarity
for rupture distances up to Rrup = 30 km and showed that complex fault ruptures show
larger variability in the maximum direction orientation. They also examined the site-
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effects on directionality ratios and found that the directionality ratios obtained for several
sites somewhat differ from those calculated based on all sites over a narrow range of
periods.
While most of the aforementioned studies produced similar results using different
subsets of the NGA-West2 database (Chiou et al., 2008), it is possible that such
directionality results may differ for other earthquake datasets or regions with different
tectonic settings. The purpose of this study is to derive ratios between the median values
and between the standard deviations for different definitions of horizontal component of
ground motions in CENA using a subset of the NGA-East ground motion database
(Goulet et al., 2014). We focused on deriving the conversion factors to transform the
median values of SaGMxy and SaRotD50 to the median value of SaRotD100, which is mostly
required by the engineering provisions (e.g., BSSC, 2009) to design structures. These
median ratios can be used along with the magnitude and distance scaling factors when
multiple GMPEs are combined in a logic-tree framework in performing probabilistic
seismic hazard analysis (Bommer et al., 2005). Furthermore, the provided conversion
factors can be used as an approximation in converting a uniform hazard spectrum to
another spectrum for a different horizontal definition of the ground motion.

2.2 Database
The dataset used to compute ratios between various horizontal definitions in this
study consist of 6,892 records from 48 earthquakes obtained from the NGA-East ground
motion database (Goulet et al., 2014), a database that is basically different from those of
earlier studies. The NGA-East database includes time series from several earthquakes
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recorded in the CENA region since 1988. Only the earthquakes with M greater than 3.5
were included to focus on ground motions that are significant from the engineering point
of view (Table 2-1). Figure 2-1 shows the magnitude-distance distribution of the
considered records accompanied with the associated NEHRP site classes: rock (760 ≤
Vs30 ≤ 1500 m/s), soft rock (360 ≤ Vs30 < 760 m/s), and stiff soil (180 ≤ Vs30 < 360 m/s).
The NEHRP site class E (soft-soil) sites are excluded from consideration because of their
complex site-response characteristics.

2.3 Different Horizontal Spectral Acceleration Definitions
Different definitions of horizontal Sa values which have been considered in this
study are summarized in Table 2-2. While it is straightforward to calculate most of the
horizontal definitions, one may refer to the references provided in Table 2-2 for more
details. As it can be observed from Table 2-2, three horizontal definitions represent Sa
values for the geometric mean combinations of orthogonal horizontal components
(SaGMxy, SaGMRotIpp, and SaGMRotDpp) and the remaining represent the Sa values in a
particular orientation. It should be noted that SaGMxy and SaLargerPGA are calculated using
the orientation of the as-recorded horizontal ground motion components.
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Table 2-1. The considered CENA earthquakes in this study.
Event name

Date

Latitude

Longitude

Mag

Event name

Date

Latitude

Longitude

Mag

Acadia

10/03/2006

44.35

-68.15

3.87

Arcadia

11/24/2010

35.63

-97.25

3.96

LacLaratelle

06/05/2002

52.85

-74.35

3.81

LaMalbaie

10/28/1997

47.67

-69.91

4.29

Ashtabula

01/26/2001

41.87

-80.80

3.85

LaMalbaie

06/13/2003

47.70

-70.09

3.53

AuSableForks

04/20/2002

44.51

Bardwell

06/06/2003

36.87

-73.70

4.99

Laurentide

07/12/2000

47.55

-71.08

3.65

-88.98

4.05

Lincoln

02/27/2010

35.55

-96.75

4.18

BarkLake

10/12/2003

Blytheville

04/30/2003

47.01

-76.36

3.82

MilliganRdg

02/10/2005

35.75

-90.23

4.14

35.94

-89.92

3.60

Mineral

08/23/2011

37.91

-77.98

5.74

Boyd

11/03/2002

42.77

-98.90

4.18

Mineral

08/25/2011

37.94

-77.90

3.97

Caborn

06/18/2002

37.98

-87.80

4.55

Miston

06/02/2005

36.14

-89.46

4.01

CapRouge

11/06/1997

46.80

-71.42

4.45

MtCarmel

04/18/2008

38.45

-87.89

5.30

Charleston

11/11/2002

32.40

-79.94

4.03

MtCarmel*a

04/18/2008

38.48

-87.89

4.64

Charlevoix

05/22/2001

47.65

-69.92

3.60

MtCarmel

04/21/2008

38.47

-87.82

4.03

Comal

10/20/2011

28.81

-98.15

4.71

MtCarmel

04/25/2008

38.45

-87.87

3.75

CoteNord

03/16/1999

49.62

-66.34

4.43

PrairieCntr

06/28/2004

41.44

-88.94

4.18

Enola

05/04/2001

35.21

-92.19

4.37

RiviereDuLoup

03/06/2005

47.75

-69.73

4.65

FtPayne

04/29/2003

34.49

-85.63

4.62

RiviereDuLoup

11/15/2008

47.74

-69.74

3.57

Greenbrier

02/28/2011

35.27

-92.34

4.68

Saguenay

11/25/1988

48.12

-71.18

5.85

Greentown

12/30/2010

40.43

-85.89

3.85

ShadyGrove

05/01/2005

35.83

-90.15

4.25

Guy

10/15/2010

35.28

-92.32

3.86

Slaughterville

10/13/2010

35.20

-97.31

4.36

Guy

11/20/2010

35.32

-92.32

3.90

Sparks

11/05/2011

35.57

-96.70

4.73

Hawkesbury

03/16/2011

45.58

-74.55

3.59

Sparks

11/06/2011

35.54

-96.75

5.68

Jefferson

12/09/2003

37.77

-78.10

4.25

Sullivan

06/07/2011

38.12

-90.93

3.89

Jones

01/15/2010

35.59

-97.26

3.84

Thurso

02/25/2006

45.65

-75.23

3.70

Kipawa

01/01/2000

46.84

-78.93

4.62

ValDesBois

06/23/2010

45.90

-75.50

5.10
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Figure 2-1. Magnitude-distance distribution of the considered database in this study.

The Sa/SaGMxy ratios for different horizontal definitions and standard deviation of
log(Sa/SaGMxy) are illustrated in Figure 2-2. We have not included the median ratios of
SaGMRotI50, SaRotI50, SaGMRotI100, and SaRotI100 with respect to SaGMxy in Figure 2-2 because
the shape of the median ratios curves depends highly on the penalty function and the
period range which has been used in computing the penalty function (Boore et al., 2006).
The median ratios of SaGMRotD50 and SaRotD50 with respect to SaGMxy are close to unity up
to T = 0.1 s. The median ratio of SaRotD50/SaGMxy starts increasing towards T > 0.1 s while
the median ratio of SaGMRotD50/SaGMxy remains approximately flat for all the considered
periods. The median ratio of the SaGMRotD100/SaGMxy has a similar increasing trend with a
larger ratio at shorter periods. We observe larger median ratios for the SaRotD100/SaGMxy
with a sharper increasing trend. This increasing trend after T = 0.2 s is due to the stronger
polarization of ground motion waves at longer periods (Beyer and Bommer, 2006).

14

Table 2-2. The Horizontal Spectral Acceleration Definitions Considered in this study.
Symbol
SaGMxy
SaLargerPGA
SaGMRotIpp

SaGMRotDpp

SaRotIpp

SaRotDpp

Horizontal Definition of Spectral Acceleration

Reference

Geometric mean of response spectra of x and y components.
The horizontal orientation which has the larger Peak Ground
Acceleration (PGA).
pp-th percentile of the geometric mean of the acceleration
response spectra calculated from the period-independent
rotation of the two orthogonal horizontal components of the
ground motions. The SaGMRotI50 and SaGMRotI100 are typically
considered as the 50th and 100th (i.e., max) values, respectively.
pp-th percentile of the geometric mean of the acceleration
response spectra calculated from the period-dependent rotation
of the two orthogonal horizontal components of the ground
motions. The SaGMRotD50 and SaGMRotD100 are typically
considered as the 50th and 100th (i.e., max) percentiles,
respectively.
pp-th percentile of the acceleration response spectra calculated
from the period-independent rotation of the two orthogonal
horizontal components of the ground motions. The SaRotI50 and
SaRotI100 are typically considered as the 50th and 100th (i.e., max)
percentiles, respectively.
pp-th percentile of the acceleration response spectra calculated
from the period-dependent rotation of the two orthogonal
horizontal components of the ground motions. The SaRotD50 and
SaRotD100 are typically considered as the 50th and 100th (i.e.,
max) percentiles, respectively.

-

Boore et al.
(2006)

Boore et al.
(2006)

Boore (2010)

Boore (2010)

Among all the considered median ratios, the median ratio of SaLargerPGA/SaGMxy is
the only one which shows a decreasing trend with period. As it can be seen from Figure
2-2, the standard deviations of the logarithmic ratios of SaGMRotD50, and SaRotD50,
SaGMRotD100, and SaRotD100 with respect to SaGMxy are below 0.05 up to T = 0.3 s and show
a similar increasing trend with period. The standard deviations of the
log(SaLargerPGA/SaGMxy) are comparatively larger than the other horizontal definitions
while the standard deviations of the log (SaGMRotD50/SaGMxy) are the smallest value.
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Figure 2-2. (Left) Median ratios of horizontal spectral ordinates for different definitions
of the horizontal components of ground motion with respect to SaGMxy. (Right) Standard
deviation of logarithmic ratios of horizontal spectral ordinates for different definitions of
the horizontal components of ground motion with respect to SaGMxy.

2.4 Methodology
Among all the horizontal definitions listed in Table 2-2, we have only calculated
the median ratios and the standard deviations for the ones that are essentially needed by
the engineering provisions (e.g., BSSC, 2009), which are SaRotD100/SaGMxy and
SaRotD100/SaRotD50. The most commonly used GMPEs developed for the CENA sites are
either based on SaGMxy or SaRotD50, while the engineering community is more interested in
the maximum direction (e.g., SaRotD100) for design of structures. The calculated median
ratios can be used as multiplicative conversion factors. We have also calculated the
median ratio of SaRotD100/SaGMRotI50 to compare our results with recent models in terms of
16

using a ground motions database from a region with alternative tectonic settings and
geological characteristics.
Generally, the Sa of a horizontal component of ground motion with an arbitrary
orientation is assumed to be log normally distributed (Abrahamson, 1998; Beyer and
Bommer, 2006; and Jayaram and Baker, 2008). Typically, GMPEs include two terms: (1)
the logarithmic mean value of the ground motion measure (median value); and (2) the
variation from the logarithmic mean as

log(Y )  logY   logY

(2-1)

where Y is the ground motion intensity measure, logY is the mean value of the logarithm
of the ground motion intensity measure, and  logY is the associated aleatory variability.
Assuming Sa as the ground motion intensity measure, Equation (2-1) can be rewritten as
ˆ 
log(Sai )  Sa
i
log Sai

(2-2)

ˆ corresponds to the median value of Sa. On the other hand, the median ratios
where Sa
i
can be calculated to define conversion factors which can be used as a multiplicative

ˆ
factor to convert the median value of a “host” horizontal Sa definition ( Sa
host ) coming
from a GMPE to a “target” horizontal definition ( Ŝatarget ) as

 Satarget 
ˆ
ˆ
Sa
 Sa

target  
host
Sa
 host median

æ Satarget ö
æ Sa
ö
where ç target ÷
represents the expected value of the log ç
÷.
è Sahost ø
è Sahost ø median
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(2-3)

2.5 Conversion Factors and Comparison
The obtained ratios are compared with the median and the standard deviation of
the Beyer and Bommer (2006) and Shahi and Baker (2014) models in Figure 2-3 and
Figure 2-4, respectively. Figure 2-3 illustrates the obtained median ratio of
SaRotD100/SaGMxy and the standard deviation of the log(SaRotD100/SaGMxy) which is generally
in good agreement with the Beyer and Bommer (2006) model for both the median ratio
and the standard deviation for short periods up to T = 0.15 s. The median ratios follow
similar increasing trend with a roughly parallel slope as to the Beyer and Bommer (2006)
model for longer periods with a noticeable shift toward longer periods. The main
difference occurs at T = 0.8 s where the Beyer and Bommer (2006) model become flat for
longer periods (up to T = 5.0 s) while the obtained ratios keep increasing up to T = 2.2 s.
However, the obtained median ratios decrease in the period range of 2.2 < T < 4.0 s and
finally becomes flat. The obtained ratio of log(SaRotD100/SaGMxy) is higher than the Beyer
and Bommer (2006) model in the longer periods. Figure 2-4 shows the median ratio of
SaRotD100/SaRotD50 and the standard deviation of the log(SaRotD100/ SaRotD50) obtained from
this study and the results of the Shahi and Baker (2014) model. As it can be seen, the
median ratios are in good agreement with the Shahi and Baker (2014) model for the
periods of T < 0.1 s with a roughly similar increasing trend with the period.
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Figure 2-3. (Left) Median ratio of SaRotD100/SaGMxy observed as a function of period.
(Right) Standard deviation of log(SaRotD100/SaGMxy) observed as a function of period. The
Beyer and Bommer (2006) model is also plotted for comparison.

Figure 2-4. (Left) Median ratio of SaRotD100/SaRotD50 observed as a function of period.
(Right) Standard deviation of log(SaRotD100/SaRotD50) observed as a function of period. The
Shahi and Baker (2014) model is also plotted for comparison.
Interestingly, we see a noticeable shift toward larger periods. Also, the obtained
median ratios cross the Shahi and Baker (2014) results at a period of approximately 1.0 s.
An interesting observation is the difference between the obtained standard deviations and
the Shahi and Baker (2014) results. The standard deviation in the Shahi and Baker (2014)
proposed model is a fixed value for all periods with two exceptions for 0.5 s and 0.75 s
where the standard deviations are increased. The obtained standard deviation from this
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study remains flat up to the period of T = 0.3 s followed by a mild jump up to T = 2.5 s.
The obtained ratios start around T = 6.0 s followed by a decreasing trend towards T =
10.0 s.
We propose a simple piecewise linear model in logarithmic space for both the
median ratio and the standard deviation of the logarithmic ratios as

c1  1 log(T ) , T  T1
c   log(T ) , T  T  T
 2
2
1
2
R
c3   3 log(T ) , T2  T  T3
c4
, T  T3

(2-4)

where R is the ratio, c1 to c4 and α1 to α3 are the regression coefficients which are
provided in Table 2-3. The hinged points are different for the observed standard
deviations.

Table 2-3. Coefficients of the proposed model for the median ratio and the standard
deviation.
R
SaRotD100/SaGMxy
SaRotD100/SaRotD50
σlog(SaRotD100/SaGMxy)
σlog(SaRotD100/SaRotD50)

Regression Coefficients

Period (s)

c1

c2

c3

c4

α1

α2

α3

T1

T2

T3

1.200
1.187
0.042
0.035

1.299
1.247
0.059
0.037

1.398
1.298
0.071
0.050

1.303
1.252
-

0.0
0.0
0.0
0.001

0.152
0.086
0.028
0.008

-0.156
-0.075
0.000
-0.013

0.22
0.22
0.25
2.50

2.20
2.20
2.80
6.00

4.00
4.00
10.00
10.00

It should be noted that the calculated median ratio of SaGMRotI50/SaGMxy is very
close to 1.0 similar to the Beyer and Bommer (2006) model. To make a final comparison
between the obtained median ratios and recent published models, the median ratio of
SaRotD100/SaGMRotI50 is plotted in Figure 2-5. The results of the Watson-Lamprey and
Boore (2007), the Beyer and Bommer (2006), the Campbell and Bozorgnia (2007), the
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Huang et al. (2010), and the NEHRP (BSSC, 2009) models are also included for
comparison. As it can be seen from Figure 2-5, the median ratios of this study are smaller
than the ones provided by Huang et al. (2010) for CENA. Most of the models are in
general agreement, in terms of the magnitude of the median ratios and an increasing trend
with period, except for the median ratios provided in the NEHRP (BSSC, 2009)
provisions.
The proposed ratios of SaRotD100/SaGMRotI50 in NEHRP are calculated as the ratio of
observed SaRotD100 values in recorded ground motions to the SaGMRotI50 predicted by a
ground motion prediction model. Although the NEHRP recommended ratios could be
used effectively to adjust ground motion models, it would eliminate the benefits of
statistical computations, such as the mixed effects regressions used in developing a
ground motion prediction model (Shahi and Baker, 2014). Modeling the median ratio of
SaRotD100/SaGMRotI50 using the ratio of observed SaRotD100 value to the observed SaGMRotI50
value would save the statistical efforts used in developing ground motion models, and
would provide us with a better estimation of SaRotD100 for future probable earthquakes.
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Figure 2-5. Median ratio of SaRotD100/SaGMRotI50 observed as a function of period.

2.6 Summary and Conclusions
A subset of the NGA-East database (Goulet et al., 2014) has been used to
calculate the median ratios and the ratios of standard deviations between different
horizontal definitions of Sa in CENA. The ratios between various definitions of
horizontal Sa values were calculated and compared with existing models. Such
comparisons are insightful in the sense that most of such studies have mainly used the
NGA-West2 database. Therefore, this study highlights the possibility that such median
ratios may depend on the study region.
Simple piecewise linear equations are developed for SaRotD100/SaGMxy and
SaRotD100/SaRotD50 based on the assumption that the horizontal Sa values are log normally
distributed. The computed median ratios and the standard deviation were compared with
the Beyer and Bommer (2006) and Shahi and Baker (2014) models. The observed median
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ratio of SaRotD100/SaGMxy follows a similar increasing trend as compared with the Beyer
and Bommer (2006) model with a noticeable shift toward longer periods. A similar
increasing trend with period was also seen for the median ratio of SaRotD100/SaRotD50
compared to the Shahi and Baker (2014) results. However, the obtained standard
deviations are smaller. We also explored the median ratio of SaRotD100/SaGMRotI50 and
compared our results to the recent models. The obtained median ratios were smaller
compared to the Huang et al. (2010) results.
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3. A COMPARISON OF DIFFERENT APPROACHES TO
INCORPORATE SITE EFFECTS AND ASSOCIATED
UNCERTAINTIES INTO PROBABILISTIC SEISMIC HAZARD
ANALYSIS: A CASE STUDY FOR A LIQUID NATURAL GAS
TANK
3.1 Introduction
One of the main concerns of geotechnical and earthquake engineers is to estimate
the dynamic response of layered soil deposits in a specific site, known as site effects. As
it is well known, site effects can alter the frequency content of ground motions and can
have a significant influence on the seismic damage of structures (Seed et al., 1990;
Bradley, 2012; Assimaki and Jeong, 2013). The seismic damage investigations of various
destructive earthquakes such as the 1923 Ms 8.2 Kanto earthquake in Japan, the 1966 Ms
7.2 Xingtai earthquake in China, and the 1985 Ms 8.1 Michoacan earthquake in Mexico
have provided us with emerging evidences that ground motions are amplified in lowvelocity layers of soil, which result in strong motion disasters. Recent studies on sitespecific response analysis and the effect of local variations of deep deposits on the
propagation of seismic waves have pointed to the fact that site effects play a key role in
seismic investigations. Incorporating site effects into seismic hazard analysis is important
not only for the seismic design of critical facilities (bridges, dams, Liquid Natural Gas
(LNG) tanks, nuclear power plants, oil and gas pipelines, etc.), but is also required to
outline updated anti-seismic regulations and risk mitigation plans.
Site effects have been taken into account in probabilistic seismic hazard analysis
(PSHA) by using amplification factors (AFs), which are quantified as the ratio of the
spectral acceleration at a specified spectral period at the surface divided by the spectral
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acceleration at the same period at the reference rock level. The AFs are typically
provided either by seismic norms (e.g., ASCE 7-10; Eurocode8, 2003), or through
performing more rigorous and sophisticated site response analysis procedures. It has been
the state of practice to multiply probabilistic rock ground motion by the deterministic
amplification factors provided by seismic norms to calculate surface ground motions. It is
well-known that there is uncertainty in calculating the site amplification, which is
required to be taken into account to preserve a truly probabilistic site-specific ground
motion. Therefore, different probabilistic approaches have been proposed in the literature
to incorporate the site effects into PSHA and their applications are becoming more
recognized in standard practice (e.g., Lee, 2000; McGuire et al., 2001a, b; Bechtel
Jacobs, 2002; Cramer 2003, 2005; Bazzurro and Cornell 2004a, b; Papaspiliou et al.,
2012a, b; Rodriguez Marek et al., 2014; Faccioli et al., 2015; and Barani and Spallarossa,
2016). Figure 3-1 summarizes the most well-known approaches found in scientific
literature for site-specific PSHA which are broadly categorized into two groups: (1)
hybrid approaches, and (2) fully probabilistic approaches.
In hybrid approaches, site effects are incorporated into PSHA by multiplying the
rock uniform hazard spectrum (UHSRock) by suitable AFs. The UHSRock is developed by
performing PSHA using appropriate rock ground motion models (GMMsRock). The AFs
are defined either by the amplification factors for generic sites provided by seismic norms
or guidelines, or by performing site response analysis, which could be performed using
two different well-known methods known as the equivalent-linear and fully nonlinear
approaches. Fully probabilistic approaches may be categorized into two site classes: (1) a
generic site, and (2) a specific site. In the first class, the uniform hazard spectrum on
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surface (UHSSurface) is developed by performing PSHA using appropriate GMMs which
have been corrected for site effects (GMMsCorrected). Douglas (2011) reviewed most of the
recent GMMs for which the site correction factors are mostly either based on the shearwave velocity of soil deposits in the upper 30 m of the soil (Vs30), or in terms of different
soil classifications provided in seismic provisions (e.g., NEHRP, 2009). In the second
class, two different procedures have been proposed in the literature: (1) the partially
nonergodic approach in which the median site intensity is estimated through modifying
GMMs with the application of a single-station sigma and the evaluation of an empirically
based site-specific amplification factor, and (2) the Bazzurro and Cornell (2004)
approach, also known as Approach 3 in the U.S. nuclear industry (McGuire et al., 2001a),
in which the rock hazard curves (HCRock) are convolved with conditional probability
distributions of AFs.

Figure 3-1. Schematic diagram of different approaches to incorporate site effects into
PSHA.

29

The main goal of this study is to compare two approaches for incorporating site
effects into PSHA, considering a site-specific hybrid approach (Hyb) and the Approach3
(App3). To fulfill the scope of this study, the application of the considered approaches for
a LNG tank located in the Gulf Coast region is discussed as follows:
1. Performing PSHA to calculate the rock ground motions;
2. Characterizing pertinent site properties through a geotechnical investigation at the
site;
3. Evaluating the associated uncertainties with the soil dynamic properties via Monte
Carlo randomizations;
4. Applying the Hyb and the App3 approaches to incorporate site effects into PSHA;
5. Estimating the surface ground motion and comparing the results of the employed
approaches;
6. Developing the design spectrum for the LNG tank in accordance with the NFPA
59-A 2001 requirements.

3.2 PSHA
The considered LNG tank is located in Louisiana, on a long, narrow, northwestsoutheast peninsula that advances into the Gulf of Mexico (Figure 3-2). Louisiana is a
region of moderate to low seismic activity which has been subject to few earthquakes of
moment magnitude M 2.5 or larger. The Donaldsonville, Louisiana, earthquake of
October 19, 1930 is the largest occurred earthquake with a Modified Mercalli Intensity
(MMI) of VI. Other historical earthquakes include the Catahoula, Louisiana, earthquake
of May 7, 1842; the New Orleans earthquake of November 6, 1958; and the Baton Rouge
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earthquake of November 19, 1958 (Stevenson and McCulloh, 2001). Although Louisiana
is located in an area of low seismic hazard, it has been affected by large earthquakes
occurring outside of the state. For example, the great New Madrid, Missouri, earthquake
series in 1811-1812 was felt in Louisiana. The northern half of Louisiana residents most
likely experienced the Modified Mercalli Intensities of V-VI (Nuttli, 1973).
In accordance with the recommendations provided in the 2001 edition of the
NFPA 59A guidelines, a PSHA is performed to develop the rock ground motions for the
considered LNG tank. The principal framework of PSHA (also known as classical
PSHA) was first established by Cornell (1968) and it has become the most standard
approach for the seismic hazard estimations since its inception. PSHA integrates over all
possible seismic source locations and magnitudes around a desired site to calculate the
chances of exceeding a considered level of ground shaking during a particular time
period. At its most basic level, PSHA is composed of four steps, given as: (1) identifying
all damaging seismic sources affecting the considered site and characterizing the
distribution of source-to-site distances associated with potential earthquakes, (2) using
the appropriate magnitude recurrence relationships to characterize the distribution of
earthquake magnitudes, (3) selecting appropriate GMMs to predict the resulting
distribution of ground motion intensity, and (4) using the total probability theorem to
combine uncertainties in earthquake size, location, and ground motion intensity and
develop hazard curves.
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Figure 3-2. Map of the Gulf Coast region, the instrumental seismicity, and the location of
the considered LNG tank.
Seismic Source Models. The updated United States Geological Survey (USGS)
2014 Quaternary fault database is considered as the fault-based seismic source model. In
the USGS 2014 National Seismic Hazard Mapping (NSHM) effort (Petersen et al., 2014),
the Meers and Cheraw faults, and the New Madrid and Charleston seismic zones are
updated, and six new seismic sources are also simplified and incorporated from the
CEUS Seismic Source Characterization Project (CEUS-SSCn, 2012). These six seismic
sources are known as the Repeating Large Magnitude Earthquake (RLME) sources which
are the Charlevoix, Commerce Geophysical Lineament, Eastern Rift Margin (ERM-S;

ERM-N), Wabash Valley, Marianna, and New Madrid seismic sources (Figure 3-3).
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Figure 3-3. (Left) The considered fault-based seismic source models, and (Right) The
updated New Madrid seismic source model.
In this study, we only considered the seismic sources which are located within
1000 km of the study site. As a result, the Cheraw fault and the Charlevoix areal source
are removed from the PSHA calculations. The updated New Madrid seismic model is
illustrated separately in Figure 3-3 for clarification purposes. We considered the
seismicity-based (gridded) background source model as well, which accounts for the
possibility of unknown seismic sources by incorporating a general seismic source over a
specific gridded area. The considered seismicity-based background source model is a
direct adaptation of the CEUS gridded seismicity model used in the 2014 USGS NSHM
effort in which two types of earthquakes are taken into account: (1) a randomly
distributed seismicity across the region, and (2) large earthquakes that are not associated
with known faults. The USGS 2014 seismicity-based background source model is based
on an updated earthquake catalog, updated tectonic and seismicity-based zonation, and
alternative smoothing algorithms (Petersen et al., 2014).
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Ground-Motion Models. In general, the characteristics of the seismic sources such
as distance, type, magnitude, and site conditions are used to estimate the intensity of
ground motions via GMMs, also known as attenuation relationships. Various GMMs
have been developed for Central and Eastern North America (CENA), such as Darragh et
al. (2015), Frankel (2015) (F15), Graizer (2015), Hassani and Atkinson (2015) (HA15),
Pezeshk et al. (2015) (PZCT15_M2ES; PZCT15_M1SS), Shahjouei and Pezeshk (2015)
(SP15), and Yenier and Atkinson (2015) (YA15) in PEER 2015/04 as a part of the Next
Generation Attenuation for CENA project (NGA-East). The NGA-East GMMs are
developed using different methodologies. The F15, the SP15, and the YA15 GMMs have
been developed based on the simulated ground motions. The finite-fault broadband
simulation technique has been used to generate synthetic ground motions in the F15 and
the SP15 GMMs, while the simulations in the YA15 model are based on the stochastic
point-source method. The PZCT15_M2ES, the PZCT15_M1SS, and the HA15 GMMs
are developed based on calibrating an empirically well-constrained GMM in a data-rich
host region to be used in CENA. The NGA-WEST2 GMMs developed by the Pacific
Earthquake Engineering Research center (PEER) are adjusted to be used in CENA in the
PZCT15_M2ES and the PZCT15_M1SS GMMs in which the calibrated factors are
determined from response-spectral ratios of stochastic ground motion simulations in
CENA and Western North America (WNA), known as the hybrid empirical approach.
The HA15 GMMs adjusted the Boore et al. (2014) GMM, developed as part of NGAWest2 project, with the calibration factors obtained empirically using spectral ratios of
observed motions in CENA to predictions of the Boore et al. (2014) GMM, known as the
reference empirical approach. Figure 3-4 shows the employed logic tree for the selected
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GMMs which were equally weighted to form the backbone GMM to be used in PSHA. A
pressing concern in the evaluation of seismic hazard in this study is using the appropriate
GMMs, which are not only tuned to the unique site condition of the region, but are also
valid for longer periods (up to 10 s) required in LNG tanks seismic design. The selected
GMMs are adjusted for the Gulf Coast region and are extrapolated to calculate ground
motions at long periods in PEER 2015/08. Furthermore, the GMMs are corrected for the
B/C boundary using the Boore and Campbell (2017) correction factors.
Sigma Models. Seismic hazard studies distinguish between two types of
uncertainties, epistemic and aleatory. Aleatory uncertainty is the variability that results
from the natural physical process. Epistemic uncertainty results from lack of knowledge
about earthquakes and their effects. In principal, aleatory uncertainties are incorporated
directly into PSHA integrations, and epistemic uncertainties are addressed by including
multiple models in an appropriate logic tree. The results of PSHA are strongly influenced
by the standard deviation of GMMs, generally referred to as sigma (σ), which captures
the aleatory variability in GMMs (Bommer and Abrahamson, 2006). The effect of σ on
PSHA results is specifically prominent at the low annual exceedance frequencies
considered for critical structures such as LNG tanks and nuclear facilities.
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Figure 3-4. (Top) Logic tree used for the considered GMMs, and (Bottom) single-station
sigma model.
The state-of-the-practice in performing PSHA has been the application of the
standard deviations from GMMs developed based on the ergodic assumption which
essentially declares that variability over time can be substituted by variation over space
(Anderson and Brune, 1999). Following the ergodic assumption and the notation of Al
Atik et al. (2010), the total variability of the ground motion (Δes) can be separated into
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between-events variability (ΔBe) and within-event variability (ΔWes) where the e and s
subscripts stand for an observation for earthquake e recorded at station s, respectively.
The terms ΔBe and ΔWes have standard deviations τ and φ, respectively. The within-event
residual can be decomposed into the site-to-site residual (δS2S), and the site- and eventcorrected residual (δWSes). The standard deviations of the δWSes and δS2S are
represented by φSS and φS2S, such that

 2   2 SS   2 S 2 S

(3-1)

The ergodic sigma of the GMMs is typically defined as

 ergodic   2   2

(3-2)

 ergodic   2   2 SS   2 S 2 S

(3-3)

Equation (3-2) can be re-written as

In recent years, it was found that the variability in multiple recordings from
similar earthquakes occurring in specific sites is comparably lower than the ergodic
sigma values of GMMs (Rodriguez-Marek et al., 2011). This discrepancy is due to the
fact that the ergodic sigma includes the site-to-site variations between sites which have
been captured using the same site parameter (e.g., Vs30), while a single site is free of these
variations. Therefore, if the site term (δS2S) is known, its standard deviation can be
excluded from Equation (3-3), such that
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 ss   2   2 SS

(3-4)

where σss is referred to as single-station sigma (Atkinson, 2006). The application of
single-station sigma is referred to a partially nonergodic PSHA approach in which the
aleatory variability and epistemic uncertainties are clearly separated (Rodriguez-Marek et
al., 2014).
For CENA, both ergodic and single-station sigma models are developed in PEER
2015/07 in which three candidate models are developed due to magnitude and frequency
bandwidth limitations in the CENA database: (1) Global model, (2) CENA constant
model, and (3) CENA magnitude-dependent model. The single-station sigma models are
used in this study by considering both the CENA constant and magnitude-dependent
models, also known as homoscedastic and heteroscedastic models, respectively. The
variability of the single-station sigma model is taken into account by using the NGA-East
recommended logic tree (Figure 3-4).
Due to the PSHA significant methodology in seismic hazard analysis and its
widespread applications, numerous PSHA computer codes have been developed and are
gaining widespread use around the world. EQRISK (McGuire, 1976) and FRISK
(McGuire, 1978) are known to be the first computer codes for the classical PSHA. In
addition to the classical PSHA, Ebel and Kafka (1999) developed a Monte Carlo
sampling approach to generate synthetic earthquake catalogs for the estimation of PSHA.
EqHaz (Assatourians and Atkinson, 2013) and EQRM (Robinson et al., 2005; 2006) are
the most well-known computer codes which use the Monte Carlo approach. The PSHA
computer codes may perform differently due to their diverse modeling methodologies.
The numerical approaches and software used in PSHA have been verified in a project
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sponsored by the PEER Center (Thomas et al., 2010). In this study, the classical approach
is used to perform a PSHA by using the EZ-FRISK (see Data and Resources) program in
which the USGS 2014 seismic sources and GMMs are implemented. The results of the
EZ-FRISK implementation are validated at over 120 sites across the U.S. to the published
USGS 2014 National Seismic Hazard Maps (NSHM) data (Altekruse et al., 2015). Figure
3-5 illustrates the mean, upper, and lower level estimates of the UHSRock for the mean
return periods (MRPs) of 475 years (10% probability of exceedance in 50 years), 2475
years (2% probability of exceedance in 50 years), and 4975 years (1% probability of
exceedance in 50 years) hazard levels for the B/C boundary site condition defined by site
parameter VS30 = 760 m/s. The obtained mean rock ground motions from the MRPs of
475 years, 2475 years, and 4975 years have the maximum spectral accelerations of 0.08
g, 0.3 g, and 0.45 g, respectively.
The deaggregation results for a range of spectral periods are presented in Figure
3-6 to Figure 3-8 for the MRPs of 475 years, 2475 years, and 4975 years, respectively. It
should be mentioned that the selected spectral periods are chosen to cover the typical
fundamental period range of LNG tanks (0.1 s to 0.5 s).
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Figure 3-5. The computed uniform hazard spectrum at B/C boundary level.
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Figure 3-6. Deaggregation results for 475 return period.
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Figure 3-7. Deaggregation results for 2475 return period.
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Figure 3-8. Deaggregation results for 4975 return period.
In general, moderate earthquake magnitudes at relatively short source-to-site
distances are dominant for short spectral periods (T ≤ 0.1 s). However, the controlling
earthquake for longer spectral periods (T ≥ 0.5 s) is comparatively a larger magnitude at a
longer source-to-site distance. This is due to the seismic source hazard contributions in
which the CEUS-Gridded seismicity model has the most contribution in short periods,
while the fault-based seismic sources, specifically the New Madrid seismic zone, control
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for the longer spectral period. Figure 3-9 shows the seismic source hazard contributions
for PGA and T = 1.0 s. As it can be seen, the CEUS-Gridded seismic source has the most
PGA hazard contribution for all considered MRPs. However, the New Madrid seismic
source hazard contribution gradually increases as the spectral period increases. With the
foregoing premises, we have selected two earthquake scenarios from the deaggregation
results to cover the fundamental spectral period range of the considered LNG tank. The
first is the M, R scenario for T = 0.1 s which represents the ground motions at the short
spectral periods (high frequency motion, HF), and the second is the M, R scenario for T =
0.5 s which represents the ground motions at the long spectral periods (low frequency
motion, LF). The LF and the HF motions will be used in the Hyb approach as the rock
input ground motions.

3.3 Site Response Models
Site response analysis includes the site characterization and wave propagation
which are required in both the hybrid and the fully probabilistic site-specific approaches.
Site properties, the shear-wave soil profile, and soil dynamic properties are evaluated and
described in the following sections.
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Figure 3-9. Seismic source hazard contributions for PGA (Top), and for T = 1.0 s
(Bottom).
Site Properties. Louisiana generally rests on geologically young sedimentary
deposits, which were settled down around rivers and deltas in a coastal-plain setting.
Most surface exposures in Louisiana consist of Quaternary (Pleistocene and Holocene)
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sediment (Amacher et al., 1989). It is in the Gulf Coast region where the thick sediments
exhibit significantly different ground-motion attenuation in the region, which can amplify
the earthquake ground motion significantly. The Gulf Coast is a wide sedimentary region,
which is centrally located between the eastern Rocky Mountains (western side) and the
Appalachian Mountains (eastern side). It also includes the New Madrid seismic zone
within the Mississippi embayment (Figure 3-2). The New Madrid seismic zone is an area
at the northern end of the Mississippi embayment that extends 120 miles. This zone is
most well-known for three historical earthquakes from 1811–1812. The Mississippi
embayment stretches longitudinally from southern Louisiana to Illinois. Spanning around
100,000 square miles in the south-central United States, the wedge-shaped Mississippi
embayment is made up of thousands of feet of sediments which were deposited during
millions of years, ranging in age from the Jurassic to the Quaternary periods. The Sabine
and Monroe uplifts, the East Texas and Desha basins, the Jackson dome and the Arkansas
and Pickens-Gilbertown fault zones are the most prominent structural features in the
embayment. The amplitude and frequency content of earthquake ground motions are
highly affected by the presence of deep sediments in this region, extending to depths of
up to 1000 meters (Cushing et al., 1964).
Shear-wave Velocity Soil Profile. Crosshole seismic surveys were performed to
determine the shear-wave velocity profile of the upper soil strata at 4 locations across the
LNG tank site. A crosshole seismic survey is a borehole technique which can be used to
determine the horizontally traveling compression (P) and shear (S) seismic waves. The
essential data acquisition system consists of energy sources, receivers, and a recording
system. In this study, the borehole set incorporates three boreholes in a line, spaced 10
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feet apart, which were cased to a depth of 175 feet below the ground surface. An
impulsive energy source was located inside one of the boreholes and two receivers
(geophones) were lowered into the other boreholes and positioned at pre-selected depths.
Seismic signals were collected using the crosshole geophones at 5-feet spacing intervals
throughout the entire depth of each borehole. The raw data collected from the field were
interpolated to achieve much higher resolution using the Fast Fourier Transform (FFT)
technique, and the wave travel times were corrected based on the geometry of the test
setup. The measured shear-wave velocity (Vs) profiles for all four locations are plotted in
Figure 9. The median model for the estimated soil profiles starts at about 250 ft/s on
surface and increases to about 950 ft/s at 175 ft depth and has been assigned a soil type E,
based on the NEHRP soil classification. The standard deviation of the natural logarithm
of the Vs data (σlnVs) is also plotted in Figure 3-10. As it can be seen, there is a noticeable
variability between the measured individual shear-wave velocity profiles. These
uncertainties are needed to be taken into account in any site response analysis via
developing appropriate site-specific statistical models.
In this study, the variability in soil thickness and the shear-wave velocity is taken
into account through the model developed by Toro (1993), which generates a desired
number of soil profiles around the base soil profile with a desired probability distribution.
This model statistically captures the soil layer shear-wave velocity and thickness
uncertainties and their correlation with depth. Using the EPRI (1993) soil profile
database, Toro (1993) developed a probabilistic characterization of a soil shear-wave
velocity profile and used the resulting probabilistic model to simulate shear-wave
profiles.
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Figure 3-10. (Left) Shear-wave velocity profiles across the LNG site, and (Right) σlnVs
profile.
The Toro (1993) probabilistic model consists of two separate components: one for
the thickness of each layer called the layering model that captures the variability in the
thickness of soil layers, and one for the shear-wave velocity associated with each layer
called the velocity model to account for the variability in shear-wave velocity of each
layer. In this model, a non-homogenous Poisson model was used with depth-dependent
rate to account for the fact that soil thickness of layers increases with depth. Extreme
values (ԑi) of shear-wave velocities are rejected by using the truncated distribution model
of ԑi at 2 standard deviations. Coefficients of variation (COV) of 0.15 and 0.10 are used
for the shear-wave velocity and layer thicknesses, respectively, to generate soil profiles.
The median model in Figure 3-10 has been chosen as the base-case shear-wave velocity
profile for which sixty simulated velocity profiles were generated. Figure 3-11 shows the
60 randomized soil profiles which are considered to capture the soil layer shear-wave
velocity and thickness uncertainties and their correlation with depth.
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Figure 3-11. The randomized shear-wave velocity profiles.
The location of the bedrock in the Mississippi embayment is still a hot research
topic. Only a very limited amount of geologic mappings is available in the vicinity of the
study site to identify the depth to bedrock. Romero and Rix (2001) considered two
geologic structures, the Pleistocene-age deposits (Uplands) and the Holocene deposits
(Lowlands) in the Mississippi embayment, for which two different shear-wave velocity
profiles were evaluated down to a depth of 3000 feet. While Lowlands have relatively
lower shear-wave velocity compared to Uplands down to the depth of around 230 feet,
both Uplands and Lowlands have the same shear-wave velocity for deeper depths
(Romero and Rix, 2001; Park and Hashash, 2005). The considered LNG tank is located in
Lowlands. Therefore, we used Lowlands shear-wave velocity profile for depths greater
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than 175 ft. Yet the shear-wave velocity at the bottom of the soil column is still
considerably lower than the shear-wave velocity at the bedrock level (Vs = 3000 m/s). We
performed a sensitivity test to investigate the effects of soil deposit thickness and the
location of the input ground motion on the amplification factors using the impulse base
excitation approach similar to the study of Ni et al. (1997). The considered impulse base
excitation is expressed as

a(t )  amax te1 t

(3-5)

where α is equal to 50 s-1. The maximum acceleration (amax) is set to 0.15 g, chosen
conservatively to be consistent with the UHSRock (Figure 3-5). We considered 4 different
soil columns for which the location of the input ground motion is initially set to be at
depth of 1000 feet and then increased by 500-foot spacing intervals throughout the entire
depth of the shear-wave soil profile. Site-response analyses were performed using the
program strata (Kottke and Rathje, 2008) in which the impulse function was applied as
the input ground motion at the bottom of each soil column and the amplification ratios
were calculated. Figure 3-12 shows the calculated amplification ratios for different
considered depths at which the input ground motion was applied. As it can be seen, the
amplification ratios are independent of the depth at which the input ground motion is
applied for the spectral periods of T ≤ 1.0 s. In the spectral period range of 1.0 s < T ≤ 3.0
s, the maximum amplification ratio starts decreasing as the location of the applied input
ground motion increases from 1000 feet to 2000 feet. Interestingly, the maximum
amplification ratio is approximately constant as the location of the applied input motion
increases from 2000 feet to 2500 feet.
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Figure 3-12. Amplification ratios for different rock input motion locations.
Another interesting observation is that the resonant frequency (f0) does not change
significantly as the thickness of the soil column increases from 2000 feet to 2500 feet.
The first-mode frequency of a layer for linear soils is expressed as

f0 

(Vs )avg
4H

(3-6)

where (Vs)avg is the arithmetic average of shear-wave velocity within the thickness (H) of
soil column. Based on Equation (3-6), the resonant frequency of a soil column would
decrease as the thickness of the soil increases. However, as we go deeper, the variation of
the resonant frequency becomes smaller and the amplification ratios are expected not to
be considerably different for frequencies above the resonant frequency (Ni et al., 1997;
Bazzurro and Cornell, 2004a). Consequently, we expect more similarities than
differences for deeper input ground motion locations. Ni et al. (1997) state that “since the
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acceleration and the residual pore-water pressure response are similar for deep deposits,
the location of the rock where the base excitation is to be specified does not need to be
known precisely in response studies.” Furthermore, the cumulative Kappa (κ0) for the
considered site at a depth of 2000 feet is approximately 0.02 s which is consistent with
the expected values of Kappa (κ0) for CENA B/C boundary sites (Boore and Campbell,
2017). As a result, we decided to apply the input ground motion at the depth of 2000 feet
with a shear-wave velocity of 760 m/s, known as the NEHRP B/C boundary, which is
also consistent with the obtained UHSRock in the PSHA section.
The last step in site characterization is to consider the soil nonlinear behavior. It is
well understood that the stress-strain relationship of soils is nonlinear, which is typically
represented by two strain-dependent parameters: hysteretic damping ratio (ξ) and
normalized shear modulus ratio (G/Gmax) (Seed and Idriss, 1970). In this study, two sets
of soil curves were used to capture the epistemic uncertainty in soil nonlinear dynamic
properties: (1) EPRI (1993), and (2) Peninsular Ranges (Silva et al., 1996; Walling et al.,
2008) which are illustrated in Figure 3-13. The two soil curves were given equal weights
and are considered to address the epistemic uncertainty in nonlinear dynamic material
properties. The EPRI (1993) soil curves were developed for the application to the sites
which are located in CENA. The EPRI (1993) soil curves are depth-dependent and
demonstrate a moderate degree of nonlinearity. The Peninsular Range soil curves are
based on a subset of the EPRI (1993) soil curves in which the EPRI soil curves for the
depth ranges of 50 feet to 120 feet and the 500 feet to 1000 feet were applied to 0.0 feet
to 50 feet, and 50 feet to 500 feet, respectively. For a given strain level in Figure 13, as
the depth of soil increases, the values of ξ and G/Gmax decreases and increases,
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respectively. This means that for deeper soil profiles, the confining pressure increases and
the soil layers exhibit a lower level of damping.
Site Response Analysis. Site response analysis is the process in which the
propagation of representative earthquake ground motions from a defined rock layer is
propagated through a soil column. The site response analysis is typically performed by
either equivalent-linear or nonlinear methods. The differences between the site response
predictions from equivalent-linear and nonlinear approaches are addressed in different
studies (e.g., Joyner and Chen, 1975; Yoshida et al., 2002; Stewart and Kwok, 2008;
Kaklamanos et al., 2013; Kim et al., 2013). The rock ground motions (Figure 3-5) show
that the soil is not expected to enter the nonlinear level. Therefore, the site response
analysis is performed by using the equivalent-linear approach in which the nonlinear
variations in soil is modeled through an iterative process (Idriss and Seed, 1967). This
approach can be used to analyze the vertically propagating shear-waves through a onedimensional, horizontally layered profile and is now generally used in practice.
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Figure 3-13. (Top) Modulus reduction and damping curves from EPRI (1993), and
(Bottom) Peninsular Range.
The equivalent- linear approach is implemented in the program strata in which
the site response analysis can be calculated either by input time series (time domain) or
the Random Vibration Theory (RVT) approach (Silva et al., 1996; Boore, 2003; Rathje
and Kottke, 2008). In the time domain approach, the input rock motion is typically a suit
of acceleration time series. In this case, the median response spectrum of the selected
suite matches the considered target response spectrum at all periods. In the RVT
approach, the selection, scaling, and spectrum matching procedures are avoided which
results in a considerable reduction in computational costs. In this approach, the input
motion is defined only by the Fourier Amplitude Spectrum (FAS) and the ground motion
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duration. A detailed comparison of the RVT and time series seismic site response
analysis is studied by Kottke and Rathje (2010). In this study, the RVT approach is
employed.
Hybrid Approach (Hyb). In the proposed Hyb approach, the rock input excitations
are defined based on the deaggregation results in which the rock hazard is dominated by
the LF and the HF ground motion scenarios. As it can be seen from Figure 3-6 to Figure
3-8, for MRP of 475 years, the LF scenario is an earthquake of M 6.7 at a distance of 421
km, and the HF scenario is an earthquake of M 5.4 at a distance of 140 km. For MRP of
2475 years, the LF scenario is an earthquake of M 6.4 at a distance of 445 km, and the HF
scenario is an earthquake of M 5.7 at a distance of 92 km. For MRP of 4975 years, the LF
scenario is an earthquake of M 6.5 at a distance of 441 km, and the HF scenario is an
earthquake of M 5.7 at a distance of 76 km. For both the LF and the HF scenarios, the
spectral accelerations from the backbone GMM were computed and were scaled to the
UHSRock at the spectral periods of 0.5 s and 0.1 s, respectively. Figure 3-14 shows the
computed spectral accelerations which were used as the rock input ground motion. The
program strata was used to perform site response analyses for both scenarios. For each
rock input motion, the soil profile was randomized for 60 realizations using the Monte
Carlo approach and the amplification ratios were calculated.
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Figure 3-14. The considered LF and the HF motions.
Figure 3-15 shows the computed AFs for the LF and the HF scenarios. For the HF
scenarios, the median AFs for the MPR of 475 years is above 1.0 for all spectral periods.
However, as the MPR increases, the rock ground motions are de-amplified at low spectral
period ranges (T < 0.1 s). The UHSRock was initially multiplied by the computed
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amplification factors for each scenario. Then, the HF and the LF spectral accelerations
were used to build the final UHSSurface at the short spectral period portion (T < 0.5 s) and
at the long spectral periods (T ≥ 0.5 s), respectively.
Fully Probabilistic Approach (App3). In this approach, the surface hazard curves
(HCSurface) are computed by convolving the HCRock with the probability density function
for the AFs. The variability and uncertainty in both the site response and the rock hazard
is fully incorporated using the convolution process, and the computed probabilities at
rock level are fully preserved and transferred to the surface ground motions. The AFs in
this approach are needed to be developed as a function of the spectral accelerations on
rock level (Sar). Following the Bazzuro and Cornell (2004b) formulation, the HCSurface is
calculated as

HC Surface ( z )   P [AF 
xj

z
| x j ] p Sar ( x j )
xj

(3-7)

where z is the desired ground motion level at the surface, P [AF  z / x j | x j ] is the
conditional probability for which AF is greater than z / x j for a given Sar  x j , and
pSar ( x j ) is the annual probability of exceedance for Sar  x j . Each ground motion at

rock level will contribute to the hazard for each ground motion at surface level using
Equation (3-7).
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Figure 3-15. Calculated amplification factors (AFs) for 60 Monte Carlo simulations for
the LF and the HF scenarios.
The AF is assumed to be lognormally distributed. Therefore, P [AF  z / x j ] can be
calculated as
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z
ln[ ]  ln AF|Sar  x j
z
ˆ( x
P [AF  ]  
)
xj
 ln AF|Sar  x j

(3-8)

where ̂ is the standard Gaussian cumulative distribution function, ln AF|x and  ln AF|x are the
median value and the standard deviation of AF for a given Sar  x j , respectively. In
calculating Equation (3-7), both the HCRock and the AFs are required to be spanned over a
wide range of Sar. This is due to the fact that a particular ground motion equal to z at
surface level might be exceeded by either a very small rock motion noticeably amplified
by the nearly linear soil response, or by a large rock motion significantly deamplified by
the nonlinear behavior of the soil (Bazzuro and Cornell, 2004b).
Defining Input Motions. A number of rock input ground motions are needed to
estimate the distribution parameters of AFs (i.e., ln AF and  ln AF ). A wide exponentiallyspaced range of PGA amplitudes, ranging from 0.08 g to 1.5 g were selected from the
PGA HCRock which correspond to eight different annual frequency of exceedances. The
obtained annual frequency of exceedances correspond to a wide range of MRPs of
approximately 125 years to 77000 years (Figure 3-16).
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Figure 3-16. Calculated amplification factors (AFs) for 60 Monte Carlo simulations for
the LF and the HF scenarios.
The magnitude and distance deaggregations for the considered hazard levels were
performed for the spectral periods of 0.1 s (HF) and 0.5 s (LF), separately. Similar to the
Hyb approach, the backbone GMM was used to compute the LF spectra and the HF
spectra for all eight scenarios. The computed spectral accelerations were scaled to the
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predefined PGA amplitudes. Figure 3-17 shows the resulting scaled input ground motions
for both the LF and the HF scenarios.
Performing Site Response Analysis. Similar to the Hyb approach, for each ground
motion, 60 Monte Carlo simulations were generated for the shear-wave velocity profiles.
The AFs and their associated variabilities were computed for each scenario. As an
example, Figure 3-18 illustrates the computed AFs and their variability for two LF
scenarios. For the first scenario (M 6.3 – R = 448 km), the rock motion is amplified for
all spectral ranges. The median AF indicates amplification of about 2 at spectral period of
0.01 s and decreases to approximately 1 at spectral period of 0.05 s. The AFs start
increasing to a maximum value of about 4.8 at around 1.5 s which corresponds to the
fundamental frequency of the soil column (0.67 Hz). For the second scenario (M 6.3 – R
= 55 km), significant deamplification is observed for spectral periods less than about 0.6 s
which is caused by the severe input ground motion. The AFs increase smoothly with the
spectral periods and get their maximum value of approximately 3.7 at spectral period of
1.5 s. The variability of the computed AFs is also computed through the Monte Carlo
simulations. The variability is approximately period-independent for both scenarios for
the spectral periods less than around 0.05 s.
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Figure 3-17. The rock input ground motion.
For the first scenario, the  ln AF value varies from about 0.12 and 0.20 at spectral
periods of 0.1 s to 2.2 s at which it gets the maximum value of around 0.22. The  ln AF
changes smoothly with spectral periods with a comparatively larger maximum value of
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around 0.42. The same procedure as shown in Figure 3-18 was performed for all eight
scenarios to develop the AFs as a function of Sar. Figure 3-19 shows the calculated AFs
versus Sar for a range of frequencies. The AFs are virtually independent of Sar in the
frequency range below the fundamental frequency of the soil column while a negative
correlation is observed for the frequencies higher than the fundamental frequency of the
soil column. These results are consistent with the result of Bazzuro and Cornell (2004b).
The probability density of AFs was convolved with the HCRock, and the UHSSurface for
return periods of 475 years, 2475 years, and 4975 years were calculated.
Figure 20 shows the results of this study by comparing the evaluated UHSSurface
for the MRPs of 475 years, 2475 years, and 4975 years using the Hyb and the App3
approaches. Interestingly, the computed UHSSurface from the employed approaches is not
substantially different for all considered return periods. The rock spectral accelerations
are amplified for almost all spectral periods for the return period of 475 years. As
expected, for the longer return periods, the rock spectral accelerations are deamplified for
the spectral periods less than 0.1 s due to the soil nonlinearity caused by the severe
ground motions.
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Figure 3-18. (Left) Calculated amplification factors (AFs). (Right) The standard
deviation of the natural logarithm of AF (  ln AF ) for two LF scenarios: (Top) M 6.3 – R =
448 km, and (Bottom) M 6.3 – R = 55 km.
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Figure 3-19. The calculated amplification factors (AFs) as a function of rock motion
(Sar) for low to high frequency ranges.

65

Figure 3-20. Comparison of the UHSSurface from the employed Hyb and App3 approaches.
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3.4 LNG Tanks and Seismic Design Requirements
Natural gas is colorless, odorless and a non-toxic gas, primarily made of methane.
While currently natural gas is not used as widely as oil or coal, it has many beneﬁts. It
burns cleanly and produces fewer pollutants, can be easily transported, and is highly used
in both industrial activities and residential places. LNG is stored at very low pressure in
double-walled, insulated extra-large storage tanks. The most common storage tanks are
the aboveground tanks with a typical storage capacity of around 160,000 m3.
Underground tanks are less common due to the high cost of construction and design
complexities. A typical storage tank is composed of an inner steel tank and an outer
concrete tank. The inner tank is cylindrical and is made of steel in order to ensure
adequate ductility, and rests on thermal insulation placed on the base slab of the outer
tank. The outer tank is made of concrete. The base slab and the spherical dome consist of
simply reinforced concrete. The inner and outer tanks are separated by sufficient thermal
insulation.
Earthquakes contribute signiﬁcant demands to the seismic design of LNG storage
tanks in seismically active places around the world. Enormous structural damages caused
by strong earthquake ground motions such as 1989 Loma Prieta, 1994 Northridge, ChiChi Taiwan, and 1999 Kocaeli have been reported (Abali and Uckan, 2009; and
Chalhoub and Kelly, 1990). Typical LNG tanks have a fundamental frequency between 2
and 10 Hz which encompasses the resonance frequency range of most earthquake ground
motions. Furthermore, earthquakes can cause sloshing which is the generation of
standing waves in the free surface of the liquefied gas. The typical sloshing periods are
typically very long (around 10 s). LNG tank failures during an earthquake would provoke
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a great risk due to the chemical energy that they store. Therefore, the design requirements
for LNG tanks are quite strict (NFPA 2001; API2004; BSI 1993; CEN 2006). For
structural design purposes, the loads imparted to the structure are derived through elastic
dynamic structural analysis procedures such as the equivalent lateral force or modal
analysis, or, if a more advanced dynamic structural analysis is required, by using a
procedure such as an inelastic response history analysis. The equivalent lateral force and
modal analysis procedures use the response spectrum derived from either code-based or
site-specific methods, to evaluate the base shear force. The inelastic response history
method uses time histories, either modified recorded time histories or synthetic time
histories, to evaluate the seismic load demand.
In the United States, the Federal Energy Regulatory Commission (FERC)
guidelines specify the 2001 edition of the NFPA 59A-2001 guidelines as the basis for
FERC standards on the seismic design of LNG terminals. NFPA 59A-2001 defines two
levels of earthquake motions, the Operating Basis Earthquake (OBE) with a MRP of 475
years and the Safe Shutdown Earthquake (SSE) with a MRP of 2500 years to 5000 years.
The OBE ground motions at the site are defined as the lesser of: (1) ground motion with a
10% probability of exceedance within a 50 year period (475 years return period); or (2)
two-thirds of the risk-targeted Maximum Considered Earthquake (MCER) ground motion.
The SSE ground motions at the site are defined as the lesser of: (1) 1% probability of
exceedance within a 50 year period (4975 years return period), or (2) two times the OBE.
In accordance with ASCE 7-10, the site-speciﬁc MCER spectral response
acceleration at any period shall be taken as the minimum of the spectral response
accelerations from the deterministic ground motions and the probabilistic ground
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motions. Furthermore, it shall not be taken as less than 80 percent of the code design
response spectrum determined at any period in accordance with ASCE 7-10, Section
11.4.5. The probabilistic MCER was determined as the product of the risk coefﬁcient, CR,
and the UHSSurface for the return period of 2475 years. The value of the CR was
determined using the USGS MCER maps. The deterministic MCER shall be taken as the
minimum of (1) the 84th-percentile of the deterministic ground motion in the direction of
maximum horizontal response spectrum (Det. 1), and (2) the response spectrum from
ASCE 7-10 Figure 21.2-1 with limiting spectral response factors, SS = 1.5 g and S1 = 0.6
g and the site coefficients, Fa and Fv, based on the soil classification (Det. 2). Table 3-1
summarizes the MCER development.
Deterministic Seismic Hazard Analysis (DSHA) was performed considering all
deterministic scenarios consider each source zone as a deterministic scenario, taking
Mmax at the closest approach. The considered deterministic scenarios from each seismic
source zone is listed in Table 3-1. The Mmax values for the CEUS_Gridded seismic source
zone is a direct adoption from the USGS 2014 logic tree. The assigned weights are shown
in parenthesis. Furthermore, the deterministic scenario from the CEUS_Gridded seismic
source is assumed to be right under the site.
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Table 3-1. Deterministic Scenarios
Source
CEUS_Gridded
Charleston
Commerce
ERM-N
ERM-S
New Madrid
Meers
Marianna
Wabash Valley

Magnitude
6.8 (0.1)
7.2 (0.3)
7.6 (0.5)
8.0 (0.1)
7.50
7.70
7.40
7.70
8.00
7.00
7.70
7.50

Distance (km)
0.00
840.16
743.94
709.55
576.93
637.97
986.56
532.50
872.26

The results of the DSHA for the considered deterministic scenarios are plotted in
Figure 3-21. The 2475 years probabilistic response spectra is also plotted for comparison.
As it can be seen, the deterministic scenario form the CEUS_Gridded seismic source has
the highest value among all other deterministic scenarios and will be used to define the
deterministic MCER. The considered GMMs in this study have been developed based on
the 50th percentile (or median) pseudo-spectral acceleration (PSA) values computed from
the orthogonal horizontal components of ground motions rotated through all possible
non-redundant rotation angles, known as the RotD50 (Boore, 2010). We used the
conversion factors (RotD100/RotD50) of Haji-Soltani and Pezeshk (2017) to calculate the
maximum deterministic spectral accelerations.
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Figure 3-21. DSHA results for the considered deterministic scenarios.
As provided in Table 3-2, the Det. 1 spectral accelerations are considerably higher
than the Det. 2 spectral accelerations spectral periods less than 0.5 s. Therefore, for the
spectral periods less than 0.5 s, the Det. 1 spectral accelerations defined the required
deterministic MCER. For spectral periods greater than 0.5 s, the Det. 2 spectral
accelerations defined the deterministic MCER.To determine the risk-based probabilistic
MCER, we multiplied the UHSSurface for the return period of 2475 years by the CR factor.
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Table 3-2. MCER development in accordance with the ASCE 07-10 requirements.

Period (s)

0.01
0.02
0.04
0.05
0.08
0.10
0.15
0.20
0.30
0.40
0.50
1.00
1.50
2.00
5.00
10.00

c1

c2

CR

RotD100
RotD50

0.902
0.902
0.902
0.902
0.902
0.902
0.902
0.902
0.900
0.890
0.880
0.859
0.859
0.859
0.859
0.859

1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.187
1.202
1.213
1.221
1.247
1.262
1.273
1.252
1.252

c3

c4

c5

c6

c7

c8

c9

c10

c11

MCER
MCER
MCER
80%
Det. 1
UHSSurface
Probabilistic DSHA
Det. 2 Deterministic Min (c4 , c8) ASCE 7-10 ASCE 7-10 Max (c9 , c11)
(c2×c5)
2475 years
(0.8×c10)
Min (c6 , c7)
(c1×c2×c3)
0.141
0.169
0.182
0.229
0.244
0.229
0.213
0.181
0.120
0.083
0.065
0.054
0.039
0.026
0.012
0.002

0.151
0.181
0.195
0.245
0.261
0.246
0.229
0.194
0.129
0.089
0.070
0.058
0.043
0.028
0.013
0.002

9.097
15.718
17.545
16.659
15.426
13.883
6.617
4.162
2.441
1.642
1.363
0.638
0.447
0.291
0.087
0.027

10.798
18.658
20.826
19.774
18.311
16.479
7.854
4.941
2.934
1.992
1.664
0.796
0.564
0.370
0.109
0.034

0.578
0.616
0.692
0.730
0.844
0.920
1.110
1.350
1.350
1.350
1.350
1.350
0.960
0.720
0.288
0.144

0.578
0.616
0.692
0.730
0.844
0.920
1.110
1.350
1.350
1.350
1.350
0.796
0.564
0.370
0.109
0.034

0.151
0.181
0.195
0.245
0.261
0.246
0.229
0.194
0.129
0.089
0.070
0.058
0.043
0.028
0.013
0.002

0.064
0.070
0.081
0.087
0.104
0.116
0.144
0.145
0.145
0.145
0.145
0.110
0.073
0.055
0.022
0.011

0.051
0.056
0.065
0.069
0.083
0.092
0.115
0.116
0.116
0.116
0.116
0.088
0.058
0.044
0.018
0.009

0.151
0.181
0.195
0.245
0.261
0.246
0.229
0.194
0.129
0.116
0.116
0.088
0.058
0.044
0.018
0.009

The OBE and the SSE ground motions development is illustrated in Figure 3-22.
The spectral accelerations of the 10% probability of exceedance in a 50-year period
earthquake (return period of 475 years) and two-thirds of the obtained MCER are
compared to develop the OBE spectrum. The spectral acceleration for the 475 years
return period spectrum is lower than 2/3 of the obtained MCER for the entire spectral
periods. As a result, the 475 years return period spectrum will be considered as the OBE
spectrum. To obtain the SSE spectrum, the UHSSurface for the 4975 years return period
was developed using the Hyb approach and compared with the obtained OBE spectrum
multiplied by two.
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Figure 3-22. (Top) The OBE spectrum, and (Bottom) the SSE spectrum developments in
accordance with ASCE 7-10.
As it can be observed, the spectral accelerations for the OBE motion multiplied by
two fall below the 4975 years spectrum for all spectral periods. Consequently, the SSE
motion will be two times the OBE spectrum. The long-period ground motions, typically
73

for a period range of 9 to 10 s, are required to be characterized for the analysis of the
natural sloshing mode and estimated slosh height levels for LNG tanks. Since the longperiod spectral values are only required for an OBE-level event, the obtained OBE
spectrum is compared with the deterministic spectrum. As a result, the M 7.85
deterministic spectrum established for this study was compared with the obtained OBE
spectrum. The deterministic spectrum falls below the obtained OBE spectrum for a
period range of 9 to 10 s. As a result, the obtained OBE spectrum controls the sloshing
effect requirements for long periods.

3.5 Summary and Conclusions
In this study, a site-specific PSHA was performed for a proposed LNG tank
located in the Gulf Coast region. The EZ-FRISK program in which the USGS 2014
seismic sources and GMMs are implemented was used to develop the rock ground
motions. The UHSRock was derived for MRP of 475 years, 2475 years, and 4975 years. A
crosshole seismic survey was performed to characterize the shear-wave velocity profile at
four locations across the study site. The associated uncertainties with the shear-wave
velocity estimations were taken into account via randomizing the soil profiles using the
Toro (1995) procedures. To model the nonlinear properties of the soil, two sets of the
G/Gmax and damping curves, EPRI (1995) and Peninsular Range, were considered with
equal weights.
The PSHA and the site characterization results allow us to employ two
approaches, the Hyb and the App3, to incorporate site effects in PSHA. In the Hyb
approach, two ground motion scenarios, the LF and the HF scenarios, were selected
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based on the deaggregation results. The rock input motions were generated using the
considered backbone GMM for both the LF and the HF scenarios. The equivalent-linear
approach was used to drive the input motions through the soil column using the program
strata, and the amplification ratios were developed for each scenario. The UHSRock was
multiplied by the computed amplification ratios to develop the UHSSurface for the
considered MRPs. In the App3 approach, a wide range of PGA amplitudes were
considered and eight associated hazard levels were extracted from the PGA hazard curve.
The rock hazard was deaggregated for the obtained hazard levels for both the LF and HF
cases. The rock input motions were generated using the considered backbone GMM for
all eight scenarios. The generated ground motions were used as the rock input motions
and the AFs were calculated as a function of the rock input motions. The rock hazard
curves were finally convolved with the probability density function of the AFs to develop
the surface hazard curves.
As a case study, we performed a detailed site-specific study and compared two
procedures to incorporate site effects into PSHA. The similarities between the obtained
results from applying the two approaches revealed that increasing the level of
sophistication in the numerical ground response analyses may not be necessary. Soil
nonlinearity is usually captured poorly in the hybrid approaches. However, we showed
that this drawback could be minimized by selecting appropriate frequency-based (HF and
LF) rock input ground motions.
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3.6 Data and Resources
Earthquake data have been obtained from the internet databases of IRIS,
https://www.iris.edu/hq/ (last accessed June 2015). The computer program EZ-FRISK®
8.0 (beta release) software for earthquake ground-motion estimation developed by Fugro
Consultants, Inc., has been used for the PSHA computations.
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4

A STUDY OF VERTICAL TO HORIZONTAL RATIO OF
EARTHQUAKE COMPONENTS IN THE GULF COAST
REGION
4.1 Introduction
Seismic design of structures is fundamentally governed by the horizontal
component of ground motion, and the effects of the vertical component of earthquakes
have long been neglected in structural design. However, destructive earthquakes such as
Northridge, California (1994), Kobe, Japan (1995), and Chi-Chi, Taiwan (1999) have
provided an emerging body of evidence that the vertical component of earthquakes is
more important than previously thought. These new levels of information reveal the
destructive potential of the vertical component of earthquakes and suggest that the effects
of both vertical and horizontal components of ground motions should be considered in
the seismic design of structures. The effects of vertical component of earthquakes on
structural systems have been addressed in different studies (Saadeghvaziri and Foutch,
1991; Papazoglou and Elnashai, 1996; Yu et al., 1997; Kunnath et al., 2008; Bozorgnia
and Campbell, 2004a).
There are basically two main approaches in developing a vertical design response
spectrum for a study site. The first one is to perform a Probabilistic Seismic Hazard
Analysis (PSHA) using vertical Ground Motion Prediction Equations (GMPEs) to
estimate the vertical ground motion hazard. For instance, Western United States (WUS)
vertical GMPEs are developed using the PEER NGA-West2 ground-motion database for
the vertical component of PGA, Peak Ground Velocity (PGV), and PSA values by
Gülerce et al. (2017), Stewart et al. (2016), Bozorgnia and Campbell (2016a), and Chiou
and Youngs (2014) in PEER 2013/24. However, there are some drawbacks to applying
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this approach in other regions. First, there is lack of region specific vertical GMPEs in
areas such as CENA due to data limitations. Second, there is a possible mismatch
between the vertical and the horizontal controlling earthquakes resulting from the
deaggregation of hazard in terms of vertical and horizontal response spectral ordinates.
The second approach is to use the V/H spectral ratio of the ground motion to
adjust an available horizontal design spectrum to a vertical spectrum. In this case, PSHA
is performed using the horizontal GMPEs, and the resulting horizontal design spectrum
will be scaled to the vertical orientation. This would solve the aforementioned problem
associated with the first approach by preserving the same earthquake scenario resulting
from the deaggregation. This approach is the common practice for nuclear facilities. The
V/H spectral ratios are usually expressed as a function of earthquake magnitude, sourceto-site distance, and site classification. The V/H spectral ratios of ground motions have
been obtained in two ways. In the first method, the V/H spectral ratio model is estimated
as the ratio of the vertical GMPEs and the horizontal one for a given scenario
(Ambraseys and Douglas, 2003; Bozorgnia and Campbell, 2004b; Bozorgnia and
Campbell, 2016b; Sedaghati and Pezeshk, 2017). The second method is based on the
regression analyses on the V/H spectral ratios obtained from empirical data (Gülerce and
Abrahamson, 2011; Bommer et al., 2011; Akkar et al., 2014).
A list of recent studies on the relationship between the vertical and horizontal
components of earthquake ground motion is provided in Bozorgnia and Campbell
(2016b). For example, Siddiqqi and Atkinson (2002) used the ratio of the horizontal-tovertical (H/V) components of ground motion to determine the frequency-dependent
amplification inherent in hard rock sites across Canada. They used Fourier spectra
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database compiled from 424 earthquakes of magnitude greater than or equal to 2,
recorded on 32 three-component stations of the Canadian National Seismograph Network
(CNSN), all sited on rock. Their results showed that the H/V ratios for rock sites is poorly
frequency dependent and does not vary considerably across Canada. The H/V ratios were
increasing from a factor near unity at 0.5 Hz to a maximum in the range from 1.2 to 1.6 at
10 Hz. Zandieh and Pezeshk (2011) studied the Fourier domain horizontal-to-vertical
(H/V) spectral ratios in the New Madrid seismic zone (NMSZ) to capture the
amplification effect of local soil sediments on earthquake ground motion. They used 500
broadband seismograms from 63 events of moment magnitude M 2.5 to 5.2, recorded on
broadband stations in the Mississippi embayment. They compared the H/V spectral ratios
with the theoretical quarter-wavelength approximation and showed that the H/V spectral
ratios could be a first estimate of the site amplifications.
Seismic codes suggested a variety of V/H models to obtain the vertical design
spectrum. Regulatory Guide 1.60 (1973) is among the first seismic codes that considered
obtaining the vertical design spectrum from the horizontal spectrum using the V/H
spectral ratio model. McGuire et al. (2001) [NUREG/CR 6728] studied the V/H spectral
ratios for rock site conditions in WUS and CEUS to update Regulatory Guide 1.60 values
for the V/H spectral ratios. Their V/H spectral ratios were presented for a range of
expected horizontal PGA values to accommodate the magnitude and distance
dependency. For very hard rock conditions in CEUS very few recordings were available
for earthquakes with magnitudes greater than M > 5. Furthermore, McGuire et al. (2001)
studied recordings of the Saguenay event and the only three available recordings of the
Nahanni and Gazli earthquakes. They observed that the very few data in CEUS pointed

84

to the fact that the V/H spectral ratios might be high at very close rupture distances to the
CEUS earthquakes. They indicated that data from more distant events have lower V/H
spectral ratios for the WUS rock sites than the CEUS rock sites. To develop
recommended V/H spectral ratios for applications in CEUS, they used a modified pointsource model to predict the general trend in V/H spectral ratios at rock sites from the
1989 magnitude 6.9 Loma Prieta earthquake in WUS. The point-source model predicted
a peak in the V/H spectral ratios near 60 Hz corresponded to the peak in WUS ratios but
moved from about 15 to 20 Hz to approximately 60 Hz. The CEUS V/H spectral ratios
showed lesser magnitude dependencies as compared to WUS, probably because the WUS
models did not consider magnitude saturation. The V/H spectral ratios in CEUS model
showed higher values at low frequencies for less than 3 Hz as compared to the WUS
ratios, consistent with available data. McGuire et al. (2001) recommended that V/H
spectral ratios for rock sites in CEUS can be developed by shifting the WUS ratios to
match the peaks corresponding to about 60 Hz. The WUS levels at low frequency were
also increased by approximately 50 percent. National Earthquake Hazard Reduction
Program (NEHRP, 2009) recommends a vertical design spectrum, which is based on site
class, SDS (design earthquake spectral response acceleration parameter at short period),
and SS (the mapped maximum credible earthquake spectral response parameter at short
period). The vertical design spectrum suggested by NEHRP (2009) is mainly based on
the study by Bozorgnia and Campbell (2004b).
Gülerce and Abrahamson (2011) developed GMPEs to predict the V/H ratios of
response spectra. They reviewed methods for constructing the site-specific vertical
design spectra from a Uniform Hazard Spectrum (UHS) and a Conditional Mean
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Spectrum (CMS) to be consistent with PSHA. The functional form for their V/H spectral
ratios is consistent with the horizontal GMPEs developed by Abrahamson and Silva
(2008). They used the Pacific Earthquake Engineering Research Center Next Generation
of Ground Motion Attenuation Phase 1 Project (PEER NGA-West1) database, which
consists of 2684 sets of recordings from 127 earthquakes. Their functional form to
predict the V/H ratio is dependent on earthquake magnitude, source to site distance, and
type of faulting. They also included the functional form developed by Walling et al.
(2008) to predict the effects of the nonlinear soil behavior in their V/H ratio model.
Bommer et al. (2011) reviewed V/H ratio models by different seismic codes and
regulations such as the Regulatory Guide 1.60, McGuire et al. (2001), the Eurocode 8
(Eurocode, 2004), and the (NEHRP, 2009). Their proposed model is based on 1296
accelerograms from 392 events occurring in Europe, the Middle East, and surrounding
regions, and predicts V/H spectral ratios for PGA and spectral accelerations from 0.02 s
to 3.0 s. Although their model predicts lower values for the V/H spectral ratio, is in
general agreement with the model developed by Gülerce and Abrahamson (2011), which
is based on the data from Western North America. Their model can be used for a
magnitude range of 4.5 to 7.6 and distances up to 100 km.
Akkar et al. (2014) developed a V/H spectral ratio model for shallow active
crustal regions in Europe and the Middle East. Their model is a function of magnitude,
source-to-site distance, and style of faulting, and includes a site response term, which
uses a continuous function of Vs30 to capture soil nonlinearity. Their proposed V/H ratio
model is compatible with the horizontal GMPEs of Akkar et al. (2013a and 2013b). They
showed that for larger magnitudes, their model predicts larger V/H spectral ratios toward
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lower frequencies compared to the Bommer et al. (2011) model. For small magnitudes,
the Bommer et al. (2011) model gives larger V/H estimates. They suggested that the
different functional forms as well as the resolution of database could cause these
discrepancies. Sedaghati and Pezeshk (2017) developed horizontal and vertical GMPEs
using active crustal earthquakes occurring within the Iranian plateau. Their database
includes 688 records from 152 earthquakes of 4.7 ≤ M ≤ 7.4 and Joyner-Boore distances
up to 250 km. They also calculated the V/H response spectral ratios and showed that the
median V/H ratios increases with decreasing distance. Bozorgnia and Campbell (2016b)
developed a ground motion model (GMM) for the V/H ratios of PGA, PSA, and PGV.
Their V/H spectral ratio model is based on their horizontal and vertical GMMs (Campbell
and Bozorgnia, 2014; Bozorgnia and Campbell, 2016a), which were developed as part of
the NGA-West2 research program (Bozorgnia et al., 2014). They showed that their V/H
model predictive power is not significantly influenced by excluding deep basin effects
and soil nonlinearity from the vertical GMM.
In the present study, we use the first approach to propose a new model for the
median V/H response spectra ratio for the Gulf Coast region. The Gulf Coast region is
centrally located between the Appalachian Mountains and the eastern Rocky Mountains
and includes the Mississippi embayment as shown in Figure 4-1. It has been shown that
earthquake recordings in the Gulf Coast region exhibit significantly different groundmotion attenuation compared to the rest of CEUS because of the thick sediments in the
region (Dreiling et al., 2014). Therefore, V/H response spectra ratio model is developed
based on a subset of the NGA-East database (Goulet et al., 2014) specific to the Gulf
Coast region. The proposed model can be used to scale the available horizontal CENA
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GMPEs, such as Darragh et al. (2015), Frankel (2015), Graizer (2015), Hassani et al.
(2015), Pezeshk et al. (2015), Shahjouei and Pezeshk (2015), and Yenier and Atkinson
(2015) in PEER 2015/4.

Figure 4-1. (Left) Location of earthquakes and the Gulf Coast region, and (Right)
Recording stations within the Gulf Coast region in terms of NEHRP site classification.

4.2 Strong-Motion Database and Record Processing
We used a subset of the NGA-East database in which only the ground motions
that are recorded within the Gulf Coast region with M ≥ 3.4 are selected (Figure 4-1).
The Gulf Coast region boundaries are defined based on the NGA-East regionalization
(Dreiling et al., 2014). As it can been seen from Figure 4-1, there are limited number of
events within the Gulf Coast region. Therefore, we expanded our distance limits up to
RRup ≤ 1000 km which adds up the events beyond the Gulf Coast region to our database.
The significant part of the seismic waves travel path for the selected events that are
outside of the Gulf Coast region is preserved by considering the stations which are
located within the region. NEHRP site class E (soft-soil) sites are excluded from
consideration because of their complex site-response characteristics and their potential
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for nonlinear site effects. We also included time-histories from the M 5.6 Sparks event
(Oklahoma, 2011) and its aftershocks since it was one of the relatively large magnitude
earthquake that happened close to the study area. Figure 4-2 displays the magnitudedistance distribution of the selected 978 recordings in terms of style of faulting and the
NEHRP site classification: rock (760 ≤ Vs30 ≤ 1500 m/s), soft rock (360 ≤ Vs30 > 760
m/s), and stiff soil (180 ≤ Vs30 > 360 m/s).
The V/H models are needed to be developed for a broad range of frequencies to
satisfy the structural analysis requirements. The vertical component of ground motion is
rich in higher frequencies. Therefore, V/H ratios are primarily a high-frequency
phenomenon. However, strong ground-motion records may contain high-frequency noise,
which needs to be removed before computing PSA values. The accuracy of PSA values at
high frequencies obtained from the filtered strong ground-motions has been investigated
in different studies (e.g., Boore and Bommer, 2005; Akkar and Bommer, 2006; Douglas
and Boore, 2011; Akkar et al., 2011; Graizer, 2012; and Boore and Goulet, 2014).
Douglas and Boore (2011) showed that in the tectonically active regions with high
attenuation such as WUS, the high-frequency content of the strong ground-motions are
naturally removed. Ground-motions at frequencies much lower than the oscillator
frequency would control the response of a high-frequency oscillator, and PSA values
would not be affected significantly by the low-pass filters in data processing.
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Figure 4-2. Magnitude vs. distance distribution of the considered records in terms of (a)
NEHRP site classification (Top), and style of faulting (Bottom).
However, this might not be the case for the regions with comparable lower
anelastic attenuation such as CENA, where the ground-motions are recorded on very hard
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rock sites with a significant amount of energy at high frequencies. Akkar et al. (2011)
studied the usable high-frequency range of the European strong-motion database to find
reliable criteria for identifying the degree to which PSA values at the high frequencies
will be changed by the low-pass ﬁltering. They concluded that the effect of low-pass
filtering on the PSA values becomes negligible for corner frequencies lower than 20 Hz.
For the NGA-East database, the low-pass and high-pass corner frequencies are multiplied
by a factor of 0.8 and 1.25, respectively, to calculate the minimum and maximum usable
frequencies for each filtered record. The corner frequencies are selected on an individual
basis for filtering the vertical and horizontal components (Goulet et al., 2014).
In this study, for the lowest usable frequency we considered the maximum of the
minimum usable frequencies of the horizontal and vertical components in our regression
analysis. Not all of the selected time series from the NGA-East database are low-pass
filtered. For those low-pass filtered records, we followed the Douglas and Boore (2011)
procedure to determine how the PSAs are affected by the low-pass filtering. Douglas and
Boore (2011) used the ratio between the peak of the Fourier amplitude spectrum (FAS) of
the acceleration and the level of high-frequency noise, called RFAS, and showed that if
RFAS is less than ten, the PSA values will be affected insignificantly (less than 15%
difference) by low-pass filtering. Consequently, 18 records with RFAS values less than
10 are not considered in our regression analysis. Akkar et al. (2011) showed that while
RFAS could be used as a priori useful tool to find the records for which the highfrequency portion of the response spectral ordinates have been highly influenced by
filtering, it would also be useful to investigate how the oscillator response interacts with
the frequency content of the ground motion using basic structural dynamics.
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Consequently, we followed the Akkar et al. (2011) procedure to make sure that we used
only reliable records in our regression analysis. A total number of 17 records with RFAS
≥10 were found for which the PSA values for frequencies greater than 50 Hz were
significantly affected by the low-pass filtering. These recordings were also removed and
the remaining 943 recordings were used in our regression analysis. Major features of the
selected earthquakes are summarized in Table 4-1. It should be noted that there are no
events with M greater than 5.6 in the study. Since the result of the proposed model has
not been verified with actual recordings of M greater than 5.6 for the study region, results
from this study should be used with extra caution for such events.

4.3 Functional From and Regression Analysis
The PSAs from the NGA-East database are the 50th percentile (or median) PSA
value calculated from the orthogonal horizontal ground motions rotated through all
possible non-redundant rotation angles, known as the RotD50 (Boore, 2010). The
RotD50 values are used along with the vertical PSA values to perform a parametric
regression analysis in which coefficients are calibrated using the nonlinear mixed-effects
algorithm (Lindstorm and Bates, 1990) via using the MATLAB functions of nlmefit and
fitlmematrix (MathWorks Inc., 2015). The general functional form to be considered in the
regression analysis is a function of source, path, and site terms as

ln(V/ H)  f source  f path  f site  es
where fsource is the source term, fpath is the path term, fsite is the site term, and Δ is a
random variable describing the total variability of the earthquake ground motion.
92

(4-1)

Table 4-1. Earthquakes used in this study.
Event Name

Date

M

Latitude

Longitude

Comal

10/20/2011

4.71

28.81

-98.15

Number of Records
56

Charleston

11/11/2002

4.03

32.40

-79.94

4

FtPayne

04/29/2003

4.62

34.49

-85.63

4

Slaughterville

10/13/2010

4.36

35.20

-97.31

49

Enola

05/04/2001

4.37

35.21

-92.19

7

Greenbrier

02/28/2011

4.68

35.27

-92.34

88

Guy

10/15/2010

3.86

35.28

-92.32

51

Guy

11/20/2010

3.90

35.32

-92.32

60

Sparks

11/06/2011

5.68

35.54

-96.75

136

Lincoln

02/27/2010

4.18

35.55

-96.75

42

Sparks

11/05/2011

4.73

35.57

-96.70

133

Jones

01/15/2010

3.84

35.59

-97.26

10

Arcadia

11/24/2010

3.96

35.63

-97.25

27

MilliganRdg

02/10/2005

4.14

35.75

-90.23

6

ShadyGrove

05/01/2005

4.25

35.83

-90.15

27

Blytheville

04/30/2003

3.60

35.94

-89.92

4

Miston

06/02/2005

4.01

36.14

-89.46

28

Marston

10/18/2006

3.41

36.54

-89.64

4

Whiting

03/02/2010

3.40

36.79

-89.36

9

Bardwell

06/06/2003

4.05

36.87

-88.98

4

Mineral

08/23/2011

5.74

37.91

-77.98

5

Mineral

08/25/2011

3.97

37.94

-77.90

3

Caborn

06/18/2002

4.55

37.98

-87.80

5

Sullivan

06/07/2011

3.89

38.12

-90.93

110

MtCarmel

04/18/2008

5.30

38.45

-87.89

29

MtCarmel

04/25/2008

3.75

38.45

-87.87

14

MtCarmel

04/21/2008

4.03

38.47

-87.82

24

MtCarmel

04/18a/2008

4.64

38.48

-87.89

23

Greentown

12/30/2010

3.85

40.43

-85.89

8

PrairieCntr

06/28/2004

4.18

41.44

-88.94

8

To select the most appropriate functional form to perform the regression analysis,
we investigated the trend of the median V/H response spectral ratios as a function of
estimator parameters for each term of Equation (4-1). We investigated various trial
functional forms to find the most appropriate one by comparing the predicted models
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with our database and using statistical tools such as the Akaike and Bayesian Information
Criteria (AIC and BIC, respectively) values and the logarithm of their likelihoods.
The AIC and BIC measure the quality of the considered statistical models relative to the
other models for a given database (Burnham and Anderson, 2002).
Source term. To investigate the effect of magnitude on the V/H response spectra
ratio we categorized the database into three distance ranges (RRup ≤ 100 km, 100 km ≤
RRup ≤ 300 km, and 300 km ≤ RRup ≤ 600 km). The considered distance ranges were chosen
to be representative of short, intermediate, and long source-to-site distances based on the
availability of records in our database. For each distance category, the data are clustered
into 0.1 magnitude bins and the median V/H response spectral ratio and its associated
standard deviation is computed for each cluster. Figure 4-3 shows how the median V/H
spectral ratios for PGA, and 0.1 s, 1.0 s, and 2.0 s spectral accelerations scale with
magnitude for soil sites (Vs30 = 270 m/s). For short periods (T ≤ 0.1 s), the V/H response
spectral ratios for all three distance clusters decay with increasing magnitude up to
approximately M 4.0. Although our database is deficient for earthquakes of M > 4.0 at
RRup ≤ 100 km, the V/H response spectral ratios are approximately magnitudeindependent for the other distance ranges. For long periods (T ≥ 1.0 s), we do not see a
significant magnitude-dependency in the median V/H response spectra ratios.
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Figure 4-3. Magnitude vs. distance distribution of the considered records in terms of (a)
NEHRP site classification (Top), and style of faulting (Bottom).
We tried different functional forms with or without the second-order magnitude
term. The statistical p-values from the mixed-effects regression results showed that the
second-order magnitude term is statistically insignificant for M > 4.0. Based on
examination of various models, the source term was determined to represent the data the
best and is expressed as

a  a (M  M h )  a3 (M  M h )2
f source   1 2
a1  a4 (M  M h )

M  Mh
M  Mh

(4-2)

where a1 to a4 are fixed-effects coefficients, M is the moment magnitude, and Mh is the
hinge magnitude fixed at 4.0. It is worth mentioning that the style-of-faulting term was
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initially included in Equation (4-2); yet, p-values of the corresponding coefficients
revealed that they are statistically insignificant. Furthermore, excluding the style-offaulting from the source term reduced the total variability by approximately 10%.
Therefore, the style-of-faulting was not included in the final proposed source term.
Path term. In general, the path effect is modeled through the effects of anelastic
attenuation and geometrical spreading (Zandieh and Pezeshk, 2010; Hosseini et al., 2015;
Sedaghati and Pezeshk, 2017). To investigate the effect of distance on the V/H response
spectra ratios we categorized the database into three magnitude ranges (3.4 ≤ M < 4.0,
4.0 ≤ M < 4.6, and 4.6 ≤ M < 5.8). For each magnitude range, the data are clustered into
10 km distance bins and the median V/H response spectral ratio, and its associated
standard deviation is computed for each cluster. It should be noted that 10 km was the
smallest bin in which we would have at least 3 records to be statistically robust. Figure 44 shows how the median V/H response spectral ratios scale with RRup for soil sites (Vs30 =
270 m/s) for the considered magnitude ranges. Similar to results reported by Atkinson
(1993), the V/H spectral ratio model for the study region has low magnitude dependency.
However, as it can be seen from Figure 4-4, the median V/H response spectral ratios tend
to decay with increasing distances for PGA while they are almost distance independent
for T = 0.1 s.
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Figure 4-4. Median V/H response spectral ratios as a function of RRup for soil sites (Vs30 =
270 m/s).
The median V/H spectral ratios start to increase smoothly with distance for T ≥
1.0 s. Consequently, the path term is expressed as

f path  a5M ln ( RRup 2  h2 )

(4-3)

where a5 is a fixed-effects coefficient, h is the hypothetical depth coefficient assumed to
be 6.0 km following Pezeshk et al. (2015).
Site term. We did not account for the soil nonlinearity since the magnitude range
of the considered database is limited to 3.4 ≤ M < 5.8. The site term is expressed as
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f site  a6 ln(Vs 30 / Vref )

(4-4)

where a6 is a fixed-effects coefficient, and Vref is equal to 760 m/s. The considered site
term is also similar to the employed site term in the PEER NGA-East median GMMs by
Hollenback et al. (2015) in PEER 2015/4.
Variability. Following the notation used by Al Atik et al. (2010), the total
variability of the ground motion (Δes) can be separated into the between-events variability
(ΔBe), and the within-event variability (ΔWes), where the s and e subscripts stand for an
observation for earthquake e recorded at station s, respectively. The terms ΔBe and ΔWes
have standard deviations τ and φ, respectively. The within-event residual can be
decomposed into the site-to-site residual (δS2S), and the site- and event-corrected
residual (δWSes). The standard deviations of the δWSes and δS2S are represented by φSS
and φS2S. The ergodic sigma of the GMMs is typically defined as

 ergodic   2   2

(4-5)

Equation (4-5) can be re-written as

 ergodic   2  SS 2  S 2 S 2

(4-6)

In recent years, it has been observed that the variability in multiple recordings from
similar earthquakes occurring in specific sites is comparably lower than the ergodic
sigma values of GMMs (Rodriguez-Marek et al., 2014). This discrepancy is due to the
fact that the ergodic sigma includes the site-to-site variations between sites which have
been captured using the same site parameter (e.g., Vs30) while a single site is free of these
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variations. Therefore, if the site term (δS2S) is known, its standard deviation (φS2S) can be
excluded from Equation (4-6), such that

 SS   2  SS 2

(4-7)

where σss is referred to as single-station sigma (Atkinson, 2006). The application of
single-station sigma is referred to a partially nonergodic PSHA approach in which the
aleatory variability and epistemic uncertainties are clearly separated (Rodriguez-Marek et
al., 2014).
In this study, a mixed effect regression is used to obtain the median V/H response
spectral ratios for PGA and 5%-damped spectral accelerations up to a period of 10.0 s.
The corresponding regression coefficients for each spectral period are calculated and
tabulated in Table 4-2. Associated standard deviations of the proposed V/H response
spectral ratio model are plotted in Figure 4-5 as a function of period. Between-events
variability has the least contribution to the total standard deviation, as is generally the
case for the V/H ratios. This is due to the fact that the correlated between-events terms of
horizontal and vertical ground motion components cancel each other (Bommer et al.,
2011). The total ergodic standard deviation varies from about 0.4 at T = 0.01 s to about
0.6 at T = 10.0 s.
The robustness of the proposed V/H model is investigated by plotting the
between-events, site-to-site, and event-site corrected residuals for a range of spectral
periods. Figure 6 illustrates the sufficiency of the proposed source term (M-scaling), site
term (Vs30-scaling), and path term (distance-scaling) for PGA, T = 0.1 s, and T = 1.0 s. A
straight line is also fitted to the residuals with its 95 percent confidence interval for a
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better trend visualization. Zero mean residuals, which are uncorrelated with respect to the
input parameters, would confirm an unbiased model in our regression. As it can be
observed, the residuals are randomly distributed and there is no discernable trend in the
regression model residuals versus different input parameters. Similar results were
obtained at other spectral periods as well.

Table 4-2. Earthquakes used in this study.
Period (s)

a1

a2

a3

a4

a5

a6

τ

φS2S

φSS

σergodic

σ

SS

PGA

-0.5211

-0.1921

0.3878

0.0283

-0.0069

0.0107

0.150

0.178

0.332

0.406

0.365

0.010

-0.5260

-0.1694

0.4286

0.0270

-0.0067

0.0108

0.150

0.179

0.332

0.406

0.364

0.020

-0.4992

-0.2438

0.3356

0.0369

-0.0080

0.0038

0.151

0.181

0.328

0.404

0.362

0.030

-0.4612

-0.2480

0.3806

0.0447

-0.0095

-0.0044

0.147

0.177

0.348

0.417

0.378

0.040

-0.3815

-0.3417

0.2148

0.0529

-0.0117

-0.0107

0.142

0.189

0.340

0.414

0.368

0.050

-0.3686

-0.4769

-0.0416

0.0488

-0.0110

-0.0146

0.156

0.207

0.345

0.432

0.379

0.075

-0.4339

-0.5073

-0.1280

0.0245

-0.0071

-0.0033

0.126

0.177

0.400

0.455

0.419

0.100

-0.5287

-0.4585

-0.1633

0.0011

-0.0028

0.0033

0.125

0.222

0.387

0.463

0.407

0.150

-0.6532

-0.4168

-0.2216

-0.0088

0.0014

0.0110

0.158

0.253

0.377

0.481

0.409

0.200

-0.8144

-0.3529

-0.2230

-0.0096

0.0057

0.0199

0.180

0.248

0.344

0.460

0.388

0.250

-0.8976

-0.1607

-0.0727

-0.0023

0.0065

0.0252

0.163

0.256

0.331

0.449

0.369

0.300

-0.9577

-0.0486

-0.0464

0.0122

0.0060

0.0138

0.164

0.242

0.327

0.439

0.366

0.400

-1.0059

0.0055

0.0651

0.0158

0.0067

0.0225

0.164

0.210

0.339

0.432

0.377

0.500

-1.1234

-0.0467

0.0042

-0.0001

0.0108

0.0352

0.170

0.204

0.330

0.424

0.371

0.750

-1.2078

0.1322

0.3794

-0.0114

0.0139

0.0630

0.176

0.247

0.363

0.473

0.404

1.000

-1.2355

0.1805

0.5872

-0.0070

0.0148

0.0922

0.167

0.222

0.415

0.499

0.447

1.500

-1.2478

0.0223

0.4175

0.0031

0.0156

0.1248

0.163

0.231

0.430

0.514

0.459

2.000

-1.3066

-0.2438

0.0994

0.0190

0.0171

0.1412

0.140

0.273

0.453

0.547

0.474

3.000

-1.3232

-0.4144

-0.0786

0.0238

0.0175

0.1607

0.155

0.296

0.490

0.593

0.514

4.000

-1.3301

-0.4771

-0.0738

-0.0055

0.0184

0.1637

0.213

0.264

0.501

0.605

0.544

5.000

-1.3967

-0.5027

-0.0778

-0.0274

0.0214

0.1688

0.218

0.249

0.492

0.593

0.539

7.500

-1.4562

-0.2013

0.5260

-0.0743

0.0245

0.1788

0.213

0.293

0.493

0.612

0.537

10.00

-1.3588

0.2686

0.9858

-0.0471

0.0207

0.1893

0.185

0.293

0.492

0.602

0.525
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Figure 4-5. Median V/H response spectral ratios as a function of RRup for soil sites (Vs30 =
270 m/s).

4.4 Predicted V/H Spectral Ratios
Variations in the predicted median V/H response spectra ratios as a function of
distance, magnitude, and Vs30 are presented in this section. Figure 4-7 shows the variation
of median V/H response spectra ratio as a function of period for a range of rupture
distances and magnitudes for soil sites (Vs30 = 270 m/s). As it can be observed from
Figure 4-7, the median V/H response spectra ratios increase with increasing magnitudes
in the short period ranges (T ≤ 0.1 s) with pronounced effects at short rupture distances. A
similar magnitude-dependency in V/H response spectra ratios is seen for longer periods
(T > 0.2 s) with pronounced behavior at longer rupture distances. The V/H response
spectra ratio peaks at around T = 0.05 s and attenuates rapidly with increasing rupture
distance.
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Figure 4-6. Between-event, site-to-site, and event-site residuals for PGA, T = 0.2 s, and T
= 1.0 s.
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Figure 4-7. The proposed median V/H response spectra ratios as a function of the period
for a range of magnitudes and rupture distances on a soil site condition (Vs30 = 270 m/s).
Figure 4-8 illustrates the median V/H response spectra ratios as a function of
period for a range of small to large magnitude earthquakes occurring at a rupture distance
of 5 km on different site conditions. As shown in Figure 4-8, the site term does not
influence the median V/H ratios for T ≤ 0.2. Interestingly, the V/H ratios increase at long
periods with increasing Vs30. This is due to the stronger Vs30 dependency of the horizontal
component of earthquake ground motions compared to the vertical component
(Abrahamson and Silva, 1997).
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Figure 4-8. The proposed median V/H response spectra ratios as a function of the period
for a range of magnitudes and different soil site conditions at a rupture distance of 5 km.

4.5 Comparison with Other Studies
For the first set of comparisons, the proposed model is compared with the
predicted V/H response spectra ratios from Gülerce and Abrahamson, 2011 (GA11),
Bommer et al., 2011(BAK11), Akkar et al., 2014 (ASA14), and Sedaghati and Pezeshk,
2017 (SP17). The comparison plots are provided in Figure 4-9 for a scenario earthquake
of M 5.5 at a rupture distance of 50 km for both soil (Vs30 = 270 m/s) and rock sites (Vs30
= 760 m/s). The models compared herein are all plotted for the spectral period ranges
suggested by the model developers. The immediate observation from the comparison
plots confirms the general trend of the V/H response spectral ratios which are: (1) higher
104

at high frequencies than at low frequencies; and (2) lower on rock than on soil site. As it
can be seen from Figure 4-9, the proposed V/H spectral ratios are lower than the V/H
response spectra ratios of GA11, especially for soil sites while it is in general agreement
with the ASA14 and SP17 models. For rock sites, the predicted V/H ratios approximately
flattens out while the other models show an overall increasing trend.

Figure 4-9. The proposed V/H response spectra ratio model in comparison with the
BAK11, GA11, ASA14, and SP17 models using M 5.5 and RRup = 50 km for soil (Vs30 =
270 m/s) and rock (Vs30 = 760 m/s) site conditions.
The last set of comparison plots are presented in Figure 10 similar to Figure 9. We
calculated the median V/H response spectra ratios using the ratio of the NGA-West2
vertical and horizontal GMPEs developed as part of the NGA-West2 project (Bozorgnia
et al., 2014; Gülerce et al., 2017 (GSAK17), Stewart et al., 2014 (SSBA16), Bozorgnia
and Campbell, 2016b (BC16), Chiou and Youngs, 2014, (CY14)). In general, the NGAWest2 V/H ratios follow fairly the same trend for soil sites. However, they differ
significantly in longer periods specifically for rock sites. For soil sites, the proposed
model predictions are lower in short period ranges (T > 0.1 s) compared with the NGAWest2 ratios. Similar to Figure 9, the peak point in longer periods for our model is
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smaller compared to the NGA-West2 models. The difference between various models can
be attributed to the tectonic and geological differences of regions where the models were
developed for and the database differences, specifically the magnitude ranges.

Figure 4-10. The proposed V/H response spectra ratio model in comparison with the
CY14, SSBA16, GASK17, and BC16 models using M 5.5 and RRup = 50 km for soil (Vs30
= 270 m/s) and rock (Vs30 = 760 m/s) site conditions.

4.6 Summary and Conclusions
A model for the prediction of median V/H response spectra ratios for the Gulf
Coast region is presented in this paper using a subset of the NGA-East database with
magnitudes ranging from M 3.4 to 5.6 and rupture distances ranging from 20 to 1000 km.
The presented model has the advantage of considering magnitude, source to site distance,
and shear-wave velocity of soil deposits in the upper 30 m of the site in a wide period
range up to 10.0 s. It should be mentioned that we have considered long source-to-site
distances to be sufficient based on the deaggregation analysis of PSHA in the Gulf Coast
region. Having said that, the review of past earthquakes shows that the region is capable
of producing events with magnitudes greater than 5.6 in future. Scarcity data is noticeable
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in developing empirical relations such as GMPEs and V/H ratio models for the region.
We are aware that the magnitude range of events used in this study is a limitation for the
developed model, but we also believe that the developed model provides a foundation to
calculate V/H ratios and vertical spectrum based on the available data. For applications
outside the input magnitude and distance, the model should be used with caution. The
presented model is the first V/H model derived specifically for application in the Gulf
Coast region to address a lack of suitable models in this region. The proposed model is
compared with recent V/H models and the ratio of the vertical to horizontal NGA-West2
GMPEs. We plan to expand this study to cover the whole CENA in future articles.

4.7 Data and Resources
The seismograms used in this study are from the NGA-East database available at:
http://ngawest2.berkeley.edu/ (last accessed June 2016). The regression analysis was
performed using MATLAB mixed-effects regression functions of nlmefit and
fitlmematrix (MathWorks Inc., 2015).
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5. CONCLUSIONS
This dissertation covers three important topics in performing site-specific PSHA.
In the first part of the study, the relationship among the ratios of different definition of
horizontal component of CENA ground motions are developed. A subset of the NGAEast database (Goulet et al., 2014) has been used to calculate the median ratios and the
ratios of standard deviations. Such comparisons are insightful in the sense that most of
such studies have mainly used the NGA-West2 database. Therefore, this study highlights
the possibility that such median ratios may depend on the study region.
Simple piecewise linear equations are developed for SaRotD100/SaGMxy and
SaRotD100/SaRotD50 based on the assumption that the horizontal Sa values are log normally
distributed. The computed median ratios and the standard deviation were compared with
the Beyer and Bommer (2006) and Shahi and Baker (2014) models. The observed median
ratio of SaRotD100/SaGMxy follows a similar increasing trend as compared with the Beyer
and Bommer (2006) model with a noticeable shift toward longer periods. A similar
increasing trend with period was also seen for the median ratio of SaRotD100/SaRotD50
compared to the Shahi and Baker (2014) results. However, the obtained standard
deviations are smaller. The median ratio of SaRotD100/SaGMRotI50 was calculated and
compared to the recent models. The obtained median ratios were smaller compared to the
Huang et al. (2010) results.
The second part of this study covers a site-specific PSHA for a proposed LNG
tank located in the Gulf Coast region of the United States. The EZ-FRISK program which
include the USGS 2014 seismic sources and GMMs was used to develop the rock ground
motions. The UHSRock was derived for return periods of 475 years, 2475 years, and 4975
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years. A crosshole seismic survey was performed to characterize the shear-wave velocity
profile at four locations across the study site. The associated uncertainties with the shearwave velocity estimations were taken into account via randomizing the soil profiles using
the Toro (1995) procedures. To model the nonlinear properties of the soil, two sets of the
G/Gmax and damping curves, EPRI (1995) and Peninsular Range, were considered with
equal weights.
The PSHA and the site characterization results allow us to employ two
approaches, the Hyb and the App3, to incorporate site effects in PSHA. In the Hyb
approach, two ground motion scenarios, the LF and the HF scenarios, were selected
based on the deaggregation results. The rock input motions were generated using the
considered backbone GMM for both the LF and the HF scenarios. The equivalent-linear
approach was used to drive the input motions through the soil column using the program
strata, and the amplification ratios were developed for each scenario. The UHSRock was
multiplied by the computed amplification ratios to develop the UHSSurface for the
considered MRPs. In the App3 approach, a wide range of PGA amplitudes were
considered and eight associated hazard levels were extracted from the PGA hazard curve.
The rock hazard was deaggregated for the obtained hazard levels for both the LF
and HF cases. The rock input motions were generated using the considered backbone
GMM for all eight scenarios. The generated ground motions were used as the rock input
motions and the AFs were calculated as a function of the rock input motions. The rock
hazard curves were finally convolved with the probability density function of the AFs to
develop the surface hazard curves.
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The similarities between the obtained results from applying the two approaches
revealed that increasing the level of sophistication in the numerical ground response
analyses may not be necessary. Soil nonlinearity is usually captured poorly in the hybrid
approaches. However, we showed that this drawback could be minimized by selecting
appropriate frequency-based (HF and LF) rock input ground motions.
Finally, a model for the prediction of median V/H response spectra ratios for the
Gulf Coast region was presented using a subset of the NGA-East database with
magnitudes ranging from M 3.4 to 5.6 and rupture distances ranging from 20 to 1000 km.
The presented model is the first V/H model derived specifically for application in the
Gulf Coast region to address a lack of suitable models in this region. The proposed model
is compared with recent V/H models and the ratio of the vertical to horizontal NGAWest2 GMPEs.
While this study addressed a wide range of earthquake engineering and
engineering seismology topics, there are still much remains to be done. For the second
chapter of this dissertation, perhaps the most important direction for future research is to
investigate the dependency of the relationships between the definitions of the horizontal
component of ground motions on seismological parameters such as earthquake
magnitude, etc. This can be done by performing a more detailed study on CENA ground
motions considering even a larger database. For the third chapter of this dissertation,
there are other possible important future directions on comparing the approaches to
incorporate site effects into PSHA. First, more approaches can be applied and compared
in site-specific PSHA. Second, we compared the application of two approaches for a soft
site condition while one may expand the results of this study to other site conditions.
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Third, the soil nonlinearity may be also addressed using nonlinear method along with the
employed equivalent linear method. Finally, the forth chapter of this dissertation is
restricted on the study of vertical-to-horizontal ratio of ground motions in the Gulf Coast
region. As it was mentioned in Chapter 4, the presented results are based on a limited
range of earthquake magnitudes (3.4 < M < 5.6). Results of this study should be used
with caution for larger magnitudes. The next step may be studying the vertical-tohorizontal ratio of ground motions in CENA.
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